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Abstract 
The need for renewable energy and baseload power has promoted Engineered 
Geothermal Systems (EGS) development globally. Granitic rocks enriched in 
incompatible Heat-producing Elements (HPE; U, Th & K), also called high heat-
producing granites, form the reservoir of EGS. Understanding the processes 
responsible for HPE enrichment is crucial to improve our ability to locate and define 
EGS potential. 
High-silica igneous rocks (>70 wt% SiO2) are the most high-heat-producing. 
However, not all high-silica igneous rocks are high-heat-producing and suitable for 
EGS, and instead a wide range of heat production values occurs for silicic igneous 
rocks (~0 to 15 mW/m
3
). A fundamental problem then is to understand why some 
granitic rocks are high heat-producing when the majority are not. 
This study investigated: 1) the heat-producing character of different granite 
suites and episodes of granite generation in Queensland, 2) the origin of the 
subsurface temperature anomaly in southwest Queensland thought to be caused by 
buried high heat-producing granites, and 3) the role of crustal composition and 
evolution in causing HPE enrichment (or depletion) in granitic rocks. This was 
achieved with the compilation and interrogation of geochemical and 
geochronological analyses on igneous rocks in Queensland (representing >16,000 
analyses), 1D stochastic thermal modelling, and mineralogy, whole-rock chemistry, 
zircon chronochemistry and Hf and O isotopes in zircons on subsurface granitic 
rocks in southwest Queensland, and on exposed high-silica igneous rocks in the 
Bowen-Mackay area (northeast Queensland). 
Interrogation of the large, regional compiled dataset reveals that different types 
of High Heat Producing Granites (HHPGs) occur in Queensland with the presence of 
I-, S- and A-type HHPGs, and consequently no single or specific crustal source 
material is conducive to generating HHPGs. The wide range of heat production at 
high-silica content exists for each igneous event indicating the contemporary 
generation of Low Heat Producing Granites (LHPG) and HHPG in the same 
event/region. A lack of correlation between heat production and typical fractionation 
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indices (e.g., Rb/Sr and Eu/Eu*) rule out a direct control by fractional crystallisation. 
Consequently, the heat production spectrum is interpreted to be source controlled. 
HHPGs in Queensland derive principally from the partial remelting of Precambrian 
crustal sources, which are here inferred to be enriched in HPE. Using the database 
compilation, several potential EGS targets are identified based on HHPG occurrence 
and their relation to known sedimentary cover that is necessary to provide thermal 
insulation. 
1D stochastic thermal modelling indicates a moderately high-heat-producing 
crustal input in southwest Queensland between 5 and 40 km depth. An important 
outcome of this study is a new temperature map and heat flow map at 5 km depth for 
southwest Queensland that will assist future geothermal exploration efforts in the 
region. Analyses on intersected granitic rocks in southwest Queensland reveal the 
presence of both I- and S-type granites with significant Precambrian zircon 
inheritance and Precambrian to Archean Hf model ages. None of the intersected 
granitic rocks studied here are equivalent to the HHPGs of the Big Lake Suite in NE 
South Australia that are the current focus of EGS development in Australia. High-
heat-producing Precambrian crustal sources are inferred to be the main contributor to 
elevated geothermal gradients in southwest Queensland. 
Key observations suggest that HPE enrichment, in comparison to continental 
crust values, is dominantly source-controlled for the studied igneous rocks. This is 
based on U- and Th- bearing minerals occurring as early crystallising phases, the 
presence of U-rich cores in zircons as well as rims, and chaotic relationships between 
differentiation indices such as Eu/Eu* and Rb/Sr with HPE concentrations. 
The Bowen-Mackay area of northeast QLD was chosen as a key study area in 
this project to investigate long-term compositional trends in igneous rocks that can 
reflect first-order controls on HPE enrichment or depletion. This region has had 
multiple episodes of granitic magma generation over the last 350 Myr, which could 
be studied within a 100 x 200 km area, helping to eliminate any major lateral 
variation in crustal thickness and composition. Two groupings are observed based on 
mineralogical and compositional characteristics. Group 1 igneous rocks comprise 
Early and late Carboniferous, Permian and Early Cretaceous igneous rocks and are 
associated with large-scale magmatic systems, and Group 2 igneous rocks include, 
Triassic, Middle Cretaceous, and Tertiary igneous rocks, and are associated with 
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small-scale magmatic systems. Heat production values of high-silica igneous rocks in 
the Bowen-Mackay area exhibit a ‘ziz-zag’ temporal pattern, with Early 
Carboniferous, Middle Cretaceous and Tertiary igneous rocks exhibiting higher heat 
production values over Late Carboniferous-Permian, Triassic and Early Cretaceous 
granitic rocks. For Group 1 igneous rocks, the heat production pattern is inversely 
correlated to Hf isotopic signatures whereby the most heat-producing igneous rocks 
are the most radiogenic. The most heat-producing igneous rocks from Group 1 are 
interpreted to derive from the reworking of a larger proportion of Precambrian high 
heat-producing crustal sources. Instead the heat-producing potential from Group 2 A-
type igneous rocks is interpreted to derive from the reworking of products from 
previous partial melting events. HPE-rich igneous rocks can therefore be generated 
in both large-scale (Group 1) and small-scale (Group 2) magmatic systems. 
The two compositional groupings, coupled with zircon Hf isotopic data, reflect 
two magma system types: an energetic large-scale system provoking extensive 
crustal melting and the homogenisation of multiple crustal sources, and a smaller 
scale system with partial melting of more localised crustal sources leading to more 
diverse whole-rock compositions and higher HPE enrichment. The repeated 
occurrence of large-scale magmatic systems during the Permo-Carboniferous events 
and later in the Cretaceous is interpreted to have progressively homogenised crustal 
isotopic compositions and significantly diluted the crust by basaltic underplating and 
invasions of mantle-derived magmas into the crust. The trend towards a more 
isotopically juvenile composition, observed in the Bowen-Mackay area, is explained 
by the combined effect of melt depletion making crustal materials more refractory, 
additions of mantle-derived magmas causing isotopic dilution, “crustal jacking” of 
ancient crust, and extensive crustal partial melting. 
This study has both academic and industry values. The results indicate that 
HPE-enrichment in granitic rocks is dominantly source-controlled, and that high-
heat-producing Precambrian crustal sources are the main contributor to HPE 
enrichment in granitic rocks in Queensland and to elevated geothermal gradients in 
southwest Queensland. This study provided additional constraints on EGS potential 
in Queensland with new temperature and heat flow maps at 5 km depth, and 
determining potential EGS targets in areas close to the population.  
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Chapter 1 Introduction 
1.1 GEOTHERMAL ENERGY IN QUEENSLAND, AUSTRALIA 
1.1.1 From Renewable energy to Engineered Geothermal Systems (EGS) 
Dual increases in the demand for energy and consequent greenhouse gas emissions 
globally underpin the need to develop sustainable renewable energy resources. In 
Australia, Queensland is one of the highest emitters of greenhouse gases with 43 
tonnes of greenhouse gas emissions per capita (Queensland Government, 2009). 
Because of an increasing population and associated economic growth, energy 
demand is predicted to rise by ~50% by 2020 (Queensland Government, 2009), 
making alternative energy sources crucial for sustainable growth. To meet this 
challenge, the Queensland Government signed up to the national renewable target, 
which aims to produce 20% of electricity from renewable energy sources by 2020. 
Queensland expects the production of more than 2,500 megawatts (or 9,000 gigawatt 
hours) of renewable energy by this date will reduce greenhouse gas emissions by 
more than 40 million tonnes (Queensland Government, 2009). The target is that 250 
megawatts will be provided by geothermal energy resources in Queensland by 2020. 
Engineered Geothermal Systems (EGS), also known as Hot Dry Rock (HDR), 
consist of a 3-5 km deep artificial reservoir of heated and fractured granitic rocks 
(Figure 1.1). Granites are commonly targeted for EGS because of their large volume 
and rock mass, their homogeneity and uniform stress regimes (Blackwell et al., 2006; 
Draper & D'Arcy 2006), and in particular, their potential high heat-producing 
capacity. EGS are therefore considered an environmentally friendly, clean, 
renewable, sustainable and low emission energy source (MIT, 2006; Johnson, 2007; 
Glassley, 2010). In contrast with other renewable energies such as solar and wind, 
EGS have the advantage of being able to provide base-load power (MIT, 2006; 
Goldstein et al., 2008; Gurgenci & Budd, 2008). 
There is burgeoning global interest in the extraction of energy from EGS, for 
example in France (Soultz-sous-Forêts), United Kingdom (Rosemanowes, Cornwall), 
USA (Fenton Hill, New Mexico), Australia (Cooper Basin), Japan (Hijori) and China
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Figure 1.1. A. Schematic illustration of an Engineered Geothermal System. Modified after 
Geothermal Resources Limited (http://www.geothermal-resources.com.au/exploration.html); B. 
Example of a geothermal plant at Soultz sous Forêts, France from Genter et al (2009); C. EGS 
development at Innamincka, South Australia; image taken after the blowout of pressurised water and 
steam of Habanero 3 which ripped through the concrete structure; from Geodynamics (2009).  
(Yangbajing Basin) (Richards et al., 1994; Baria et al., 1999; Brown & Duchane, 
1999; Kuriyagawa & Tenma, 1999; Chopra & Wyborn, 2003; Wan et al., 2005; Feng 
et al., 2012). Circulation of fluids within an EGS reservoir has been successfully 
accomplished in France and the UK (Baria et al., 1999; Parker, 1999; Genter et al., 
2009), while Geodynamics Limited in Australia have also demonstrated the 
possibility of extracting heat from hydraulically, stimulated hot fractured rock. 
However, full-scale power plants are still several years away from being 
commissioned. 
1.1.2 Fundamental characteristics of EGS 
Fundamental to all geothermal systems is a heat source. In areas outside of active and 
shallow magmatic activity (e.g., Australia), the only known major heat resources are 
high heat-producing granites (HHPG). These are granites with a heat production 
value greater than 5 μW/m3 (Blevin, 2009; Hutton et al., 2010). Such high heat 
production values in igneous rocks result from anomalous concentrations of the 
radiogenic elements Uranium, Thorium and Potassium, that generate heat as a by-
product of natural radioactive decay (Rybach, 1988). Heat production values (A 
in μW/m3) are calculated using the concentration of U (CU in ppm), Th (CTh in ppm) 
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and K (CK2O in wt%), a density ρ of 2650 kg/cm
3
 and the equation [1.1] of Rybach 
and Buntebarth (1981). For example, the bulk/average continental crust composition 
is calculated at 0.87 μW/m3 using CU=1.3 ppm, CTh=5.6 ppm, CK2O=1.81 wt% 
(Rudnick & Gao, 2003), and ρ=2650 kg/cm3. This equation yields the current heat 
production, which is used throughout the thesis. Note that for a Proterozoic granite, 
the heat production value might be significantly lower than it was at the time of its 
formation due to the radioactive decay of U, Th and K. For example, a 
Paleoproterozoic granite with CU=18 ppm, CTh=75 ppm, CK2O=6.6 wt% has a current 
heat production value of ~10.2 μW/m3, but at 1800 Ma ago it would have been 
12.2 μW/m3. Although calculating heat production at the time of granite formation 
may be best when comparing rocks of different ages such as in the Bowen-Mackay 
study (Chapter 5), the change of heat production between the Early Carboniferous to 
today is negligible (<0.05 μW/m3). Furthermore, as interest in these granitic rocks is 
for their present-day heat production potential for EGS, present-day heat production 
values are used in this study. Primary causes of heat-producing elements (HPE) 
enrichment result from petrogenetic processes such as a low degree of partial 
melting, extensive fractional crystallisation of minerals that are depleted in U and Th 
and which do not host U- and Th-rich accessory minerals, and partial melting and/or 
assimilation of pre-enriched rocks. Continental extensional settings are most 
favourable to the formation of HHPG (See Section 1.2.4). 
A = 10−5 ρ (9.52 CU + 2.56 CTh + 3.48 CK2O)  [1.1] 
Burial of granites beneath low conductivity sedimentary layers, which act as a 
thermal blanket, helps trap and increase crustal heat, and buried HHPG can have 
temperatures well-above the geothermal gradient (Chopra & Wyborn, 2003; Chopra 
& Holgate, 2005; Budd et al., 2008). For example, at 3.7 km depth beneath the 
Cooper Basin (South Australia), measured temperatures are 240ºC (Chopra & 
Wyborn, 2003), and 130-150ºC higher than the usual geothermal gradient.  
One important constraint in the development of EGS is the high heat production 
value of the granite reservoir. It is recognised that it is high-silica igneous rocks or 
granites that have sufficient heat production values > 5 μW/m3 (Huston, 2010; 
Hutton et al., 2010) for EGS to be a viable renewable energy resource option. The 
connection of high heat production and silica-rich igneous rocks is confirmed by an 
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assessment of igneous rock compositions from Queensland (Figure 1.2). This 
geochemical database (Chapter 2), currently comprising around 16,000 analyses that 
have been compiled in this study and derived primarily from Geoscience Australia 
(Champion et al., 2007) and Geological Survey of Queensland datasets, illustrates 
that igneous rocks with high heat production values have silica (SiO2) contents 
greater than 70 wt% (Figure 1.2). For comparison, the North American Volcanic and 
Intrusive Rock Database (NAVDAT; Walker et al., 2006) shows a similar trend 
(Figure 1.2). A similar trend is observed in Iberia, but there, HHPG have a wider 
range of silica contents (65 to 80 wt% vs 70 to 80 wt%; Bea, pers.comm. 2015). The 
wide range of heat production at elevated silica content observed for Queensland 
igneous rocks is therefore not a local feature but a global pattern. Importantly, 
granites and HHPGs in Queensland are representative of other continental regions 
around the world and understanding their formation can have global applications to 
understanding the origin of HHPG.  
A second important constraint is the volume of the igneous rock-mass or reservoir 
required for EGS. From an engineering and economic perspective, a minimum 
~2x10
8
 m
3
 (0.2 km
3
) volume reservoir is necessary for EGS to be economically 
viable (Garnish, 2002; Rybach, 2010). Richards et al. (1994) estimated that the 
minimum rock volume required to supply heat for 3x10
10
 kg of water is 5x10
7
 m
3
, 
however the actual volume of rock should at least be one order of magnitude greater. 
Chopra and Wyborn (2003) estimated that 37 wells, intersecting ~3 km of sediments 
and ~2 km of granite, over a minimum area of ~6 km
2
 (i.e., ~12 km
3
 granitic 
reservoir), are required to produce electricity at low cost, i.e. 4 cents per kWh. 
However, the volume of HHP granitic rock actually being developed as EGS projects 
is substantially greater still. For example, the volume of granitic rock available for 
the Cooper Basin project is estimated at ~10,000 km
3
 (10 x 30 x 30 km
3
; Wyborn, 
2010). Consequently, a substantial volume of HHPG (> 10
2
 km
3
) is fundamental to a 
successful EGS. 
Importantly, knowledge of the geothermal gradient is critical in assessing the 
economic feasibility of a geothermal operation. The temperature at target depth 
determines the possible geothermal application. Small-scale applications such as 
ground source heat pumps do not require very large temperatures while electric 
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Figure 1.2. Heat production values versus SiO2 content for A. 10,531 igneous rocks in Queensland 
(from the compiled database) and B. 4196 igneous rock analyses from western North America, 
extracted from the NAVDAT database (Walker et al., 2006). Note the wide heat production spectrum 
at high-silica content for both datasets. 
power plants, for example, need large thermal power. The depth at which the desired 
temperature occurs mainly determines operation costs. If the depth is too great, 
drilling, installation, pumping, and maintenance costs become prohibitively high. On 
this basis, the economic cut-off depth for geothermal power extraction is ~5 km 
(Chopra & Holgate, 2005). 
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1.1.3 EGS potential in Australia and Queensland 
EGS potential in Australia is considerable. The average heat flow for the Australian 
continent is 80 mW/m
2
 compared with a global crustal average of 50-60 mW/m
2
 
(McLaren et al., 2005; McLaren, 2008). However, in Australia, surface heat flow 
data are limited with 150 heat flow measurements made in the 1960’s & 1970’s with 
little further data acquisition (Chopra & Holgate, 2005; Budd et al., 2008). In 
comparison, 5000 measurements exist for Europe or the United States (McLaren et 
al., 2005). Consequently, surface heat flow and crustal temperature maps (Chopra & 
Holgate, 2005), which underpin current approaches to define EGS resources are 
poorly defined for Australia and in particular, Queensland. As a result, large areas 
have no data. Despite these lack of data, Queensland has >175,000 km
2
 of exposed 
igneous rocks (Figure 1.3) and a large extent of exposed granitic rocks with >81,000 
km
2 
(See red polygons in Figure 1.3). 
Additionally, elevated geothermal gradients have long been recognised in the Great 
Australian Superbasin (GAS) of central-eastern Australia (Gregory, 1906; Evans, 
1955; Thomas, 1960; Polak & Horsfall, 1979; Habermehl, 1980; Cook et al., 2013). 
More recently, a regional map estimating the temperature at 5 km depth has been 
generated (Oztemp) (Somerville et al., 1994; Chopra & Holgate, 2005; Gerner & 
Holgate, 2010) as a basis for assessing the geothermal energy potential in Australia. 
The depth of 5 km was chosen as a cut-off for the economic extraction of geothermal 
energy (Chopra & Holgate, 2005). The map suggests the presence of a large 
(~800,000 km
2
) subsurface temperature anomaly (Oztemp anomaly) across central 
Australia and southwest Queensland (Figure 1.4), with estimated temperatures 
greater than 235°C at 5 km depth, ~85 °C (i.e., ~57%) higher than predicted from the 
average geothermal gradient for the upper continental crust (Somerville et al., 1994; 
Chopra & Holgate, 2005). With increasing global concern over CO2 emissions, high 
geothermal gradients in the GAS offer potential for exploration and development of 
base-load geothermal energy. For example, it is estimated that the rocks in the 
Cooper Basin region, shallower than 5 km, hold ~7.8 million PJ available heat 
(Somerville et al., 1994; Geoscience Australia & ABARE, 2010) (Figure 1.4). 
Across the continent, Geoscience Australia has estimated that the crust shallower 
than 5 km contains thermal energy equivalent to 2,500,000 years worth of the total 
2004-2005 energy consumption in Australia (Budd et al., 2007). Accordingly, 
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Figure 1.3. Exposed igneous rocks in Queensland classified by rock type. Note that magmatism 
occurred predominantly along the eastern coast and in the Mount Isa Inlier (northwest) 
geothermal exploration and development attracted multi-billion dollar work 
commitments from industry in Australia, with in excess of 400 geothermal tenements 
so far granted since 2001 (Dowd et al., 2011). To date, generation of electricity from 
geothermal energy in central Australia and southwest Queensland is limited to the 80 
kWe (net) Birdsville geothermal plant (Geoscience Australia & ABARE, 2010) 
operating since 1992, a 20 kWe plant that operated on Mulka cattle station in South 
Australia (Lund & Boyd, 1999) for a short time from 1987, and a 1 MWe pilot plant 
commissioned by Geodynamics Ltd at Innamincka in May 2013. Recently, larger-
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Figure 1.4. A. Temperature map at 5 km depth from Gerner and Holgate (2010) and B. Surface 
heat flow map from Hot Dry Rocks Pty Ltd (http://www.hotdryrocks.com/). BLS is Big Lake 
Suite; GAS is Great Australian Superbasin after definition given in Cook et al. (2013). 
 Chapter 1 9 
scale projects have principally focused on EGS development at Innamincka, South 
Australia (Figure 1.4), where HHPGs are intersected at 3 to 5 km depth. High heat-
producing rocks intersected at Innamincka are believed to be the cause of the 
elevated geothermal gradient in this area (Chopra & Holgate, 2005). For this reason, 
several authors have suggested that elevated geothermal gradients over a larger area 
in central Australia result from the presence of subsurface HHPGs (e.g., Chopra & 
Holgate, 2005; Draper & D'Arcy 2006). However, to date, only limited heat 
production data from subsurface granitic rocks are available and the origins for the 
elevated geothermal gradient in southwest Queensland remain enigmatic. 
The potential for EGS is thus significant in southwest Queensland, however, the 
temperature map at 5 km depth does not indicate potential areas for EGS in Eastern 
Queensland, where the majority of the population is located (Figure 1.4) Large 
volumes of granitic rocks are exposed in Eastern Queensland and some are known to 
be high heat-producing (Schofield, 2009). However, we have a very limited 
understanding of these HHPG in Queensland in terms of their distribution, 
particularly in the subsurface, dimensions, ages, and controlling factors in their 
genesis. Compounding this problem is that although high concentration of radiogenic 
elements and therefore high heat production is dominantly found in igneous rocks 
with high silica contents (> 70 wt% SiO2), not all high-silica igneous rocks are high 
heat-producing (Figure 1.2). The observed extreme variation in calculated heat 
production for igneous rocks in Queensland and globally, from ~0 to 25 μW/m3, 
therefore raises the following questions: 
Why are some granites high heat-producing and others not? 
Where are HHPG located in Queensland and why are they located in those areas? 
When and how were they generated, and what has caused the anomalous enrichments 
in the heat-producing elements? 
Despite the potential for EGS in Queensland, our geologic knowledge of the “heat 
engine” to this energy system is limited. An improved understanding of the processes 
leading to HPE enrichment in granitic rocks is crucial to improve our ability to locate 
and define the EGS potential. This study is driven by the need of understanding the 
origin of HHPGs, granites that form the reservoir to EGS. 
 10 Chapter 1 
1.2 PROCESSES CONTRIBUTING TO HPE ENRICHMENT IN 
GRANITIC ROCKS 
Preliminary research suggests that several processes may lead to HPE enrichment in 
granitic rocks. These are discussed in the following subsections. 
1.2.1 Primary controls in generating HHPG 
Primary controls on the enrichment of heat-producing elements in granites are 
examined in this section. Crustal source rock composition, igneous processes and 
tectonic settings are three primary controls identified and additionally, the effect of 
time and the role of crustal evolution are also considered. 
1.2.2 Crustal source composition 
Most granites are considered to be partial melts of crustal rocks (Chappell & White, 
1974, 2001; Frost et al., 2001; Clemens, 2003). In their seminal study, Chappell & 
White (1974) recognised two compositional types of granites (I- and S-), which 
showed differences in mineralogy and chemistry. These different granite types were 
related to the nature and composition of the source rocks/protolith, interpreted to be 
igneous or infracrustal for I-type, and sedimentary or supracrustal for S-type 
(Chappell & White, 1974, 2001; Kemp et al., 2007). S-type granites show evidence 
of the effects of weathering in the source material. They have low sodium and 
calcium content, reflecting their removal into seawater and carbonates, respectively 
(Chappell & White, 2001). S-type granites also have high 
18
O, because their source-
rock have interacted with meteoric water (O'Neil et al., 1977; James, 1981; Kemp et 
al., 2006). Many succeeding studies have reaffirmed this basic distinction (I-, S-
type), which has been supported by 
18
O and zircon U-Pb and Hf data (O'Neil et al., 
1977; King et al., 1998; Griffin et al., 2004; Kemp et al., 2006; Kemp et al., 2007; 
Yang et al., 2007; Phillips et al., 2011; Jeon et al., 2012). Some researchers believe 
that the diversity of granite composition results from: 1) mixing between mafic and 
silicic magmas (Miller et al., 1990; Miller & Wooden, 1994; Collins, 1996; Frost et 
al., 2001; Healy et al., 2004; Shaw et al., 2011), 2) restite unmixing (Chappell et al., 
1987; Chappell, 1996), and 3) peritectic assemblage entrainment (Clemens & 
Stevens, 2012). Researchers have defined two additional types: M- and A-. M-type 
granitoids represent highly fractionated, high temperature magmas derived from 
mafic magmas. These are characterized by the presence of mafic minerals (e.g., 
 Chapter 1 11 
hornblende, biotite and pyroxene) and a high Na2O+CaO and K2O compared to I-
type granites (Pitcher, 1979; White, 1979; Pitcher, 1982; Whalen, 1985). A-type 
granites are characterized by their anhydrous character, alkaline composition and 
anorogenic setting (Loiselle & Wones, 1979; Collins et al., 1982; Clemens et al., 
1986; Whalen et al., 1987; Eby, 1992; Bonin, 2007). The origin of A-type granites 
remains, however, debated. A-type granites may derive from : 1) high temperature 
partial melting of dry granulitic residue in the lower crust (Clemens et al., 1986; 
Johannes & Holtz, 1996), 2) transitional to alkaline mafic to intermediate, mantle-
derived magmas (Bonin, 2007), 3) partial melting of alkali-metasomatized crust 
(Martin, 2006), 4) the differentiation of magmas derived from sources similar to 
oceanic island basalts (OIBs) (Eby, 1992), and 5) partial melting of calc-alkaline 
tonalite or granodiorite at shallow levels (Creaser et al., 1991; Patiño Douce, 1997). 
The continental crust is highly variable in lithology and composition. Indeed, 
geophysical studies indicate that the continental crust is composed mainly of a 
granulitic lower crust and a granitic upper crust and that there are compositional 
differences, including the concentrations of the HPE (Rudnick & Fountain, 1995; 
Taylor & McLennan, 1995; Rudnick & Gao, 2003). The upper crust is significantly 
enriched in HPE compared to the lower crust (Table 1.1; Rudnick and Fountain, 
1995; Taylor and McLennan, 1995; Rudnick and Gao, 2003), and consequently, 
partial melting of supracrustal material may generate stronger enrichments of HPE in 
granitic rocks. 
 
Table 1.1. HPE concentrations in the mantle, crust and various granitic types. 
 SiO2 
(wt%) 
K2O 
(wt%) 
U  
(ppm) 
Th 
(ppm) 
Heat Production 
(µWm-3)* 
Mantle 1 45.0 0.0290 0.0203 0.0795 0.04 
Bulk crust 2 60.6 1.81 1.3 5.6 0.87 
Upper crust 2 66.6 2.8 2.7 10.5 1.65 
Lower Crust 2  53.4 0.61 0.2 1.2 0.19 
I 3, 4 69.50 3.48 5 20 2.94 
S 3, 4 70.91 4.09 5 19 2.93 
A 4, 5 73.81 4.65 5 23 3.25 
M 4, 5 67.24 1.26 0.4 1 0.28 
HHPG 6 74.96 4.9 13.1 48.6 7.06 
HHPG 7 73.46 4.91 15.33 49.70 7.69 
1 McDonough and Sun, 1995 2 Rudnick and Gao, 2003 
3 Chappell and White, 1992 4 Johannes and Holtz, 1996 
5 Whalen et al., 1987 6 Average from 1450 HHPG (5 to15 µWm-3) analyses in QLD 
7 Average from 119 HHPG (5 to15 µWm-3) analyses worldwide 
* Heat production is calculated using a density of 2.65 
Mantle-derived melts are unlikely to generate HHPG because the concentration of U, 
Th and K2O are very low (e.g., refer to the M-type granite in Table 1.1). Extreme 
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fractionation of mantle-derived melts is therefore required to elevate HPE 
abundances. M-type granitoids are rare, represent a small volume (e.g., ~60 km
2
 for 
the Uasilau-Yau Yau in New Britain; Whalen, 1985), and thus are not considered 
prospective or important for EGS. 
Given that the upper crust has the strongest enrichment in the HPE of the lithosphere 
(Table 1.1), melts that derive from the upper crust are therefore more likely to 
possess abundances of HPE found in HHPG. Upper crustal melting results from 
either or both of the following: 1) the shallow-level emplacement of basaltic magmas 
to provide sufficient heat to cause melting through fluid absent melting processes 
(e.g., breakdown of hydrous minerals: muscovite, biotite and hornblende), (Fyfe, 
1992; Thompson & Connolly, 1995; Laube & Springer, 1998; Ledru et al., 2001; Liu 
et al., 2005; Hong-Fu, 2011); and 2) crustal melting generated by heat produced 
through the radioactive decay of U, Th and K, such as stored in high heat-producing 
crustal materials (McLaren et al., 2003; McLaren et al., 2006; Bea, 2012). 
Composition of the source rock melted may play a role in the enrichment of HPE. As 
discussed above, melting of upper continental crustal materials is more likely to 
generate HHPG due to the higher abundances in U, Th and K2O. Similarly, partial 
melting of crustal rocks, that may have been pre-enriched in HPE such as 
sedimentary rocks, (Champion et al., 2007) or Proterozoic rocks (McLaren et al., 
2003) have been recognised as important, but recent studies are recognising the 
importance of remelting earlier formed, highly differentiated igneous rocks (e.g., 
Bryan et al., 2008). Examples of pre-enriched source rock occur in far North 
Queensland where the Permo-Carboniferous granites may result from partial melting 
of Proterozoic rocks enriched in HPE (Champion, 1991). 
U and Th enrichment in the melt during crustal anatexis is essentially controlled by 
the abundance of U- and Th-bearing accessory minerals in source rocks, and the 
saturation level of essential structural elements of those accessory minerals (e.g., Zr 
and Si for U-rich zircons) (Watson & Harrison, 1984; Harrison et al., 1986; Bea, 
1996). Depending on the saturation level, two scenarios exist: First, the melt is 
undersaturated in essential structural elements of U and Th-rich accessory phases, 
and consequently the accessory phases dissolve and contribute to the U and Th 
budget of the melt until the melt has reached saturation or until there are no more 
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accessory phases left in the source. Second, the melt is saturated in essential 
structural elements of U- and Th-rich accessory phases, therefore the accessory 
phases in the source do not rapidly dissolve and do not subtantially contribute to the 
U and Th budget of the melt. The conditions that dictate whether a melt is saturated 
or not with respect to the key accessory phases are the pressure, temperature, water 
content and composition of the melt, in particular its aluminosity. The saturation 
level of an essential structural element is established by experimentally determining 
the solubilities of accessory minerals under different conditions. 
U, Th, REE, Zr, Si and P are amongst essential structural components of accessory 
minerals such as uraninite, thorite, xenotime, monazite, zircon, apatite and allanite. 
To date, solubility conditions of these minerals in granitic melts are mostly known 
for apatite, zircon, monazite and to a lesser extent, xenotime. Experimental studies 
have shown the solubility of accessory minerals generally increases with increasing 
temperature and increasing H2O contents, but is essentially controlled by the 
aluminosity of the granitic melt (e.g. peraluminous, metaluminous or peralkaline) 
(Watson & Harrison, 1983; Montel, 1986; Rapp & Watson, 1986; Aseri et al., 2015). 
Apatite is mostly soluble in peraluminous melts, whereas zircon, monazite, xenotime 
and uraninite solubilities are higher in peralkaline melts and lower in peraluminous 
melts (Watson, 1979; Pichavant et al., 1992; Wolf & London, 1994, 1995; Peiffert & 
Cuney, 1996; Duc-Tin & Keppler, 2015). U and Th contents are higher in zircon, 
monazite and xenotime, in contrast to apatite. Theoretically, peralkaline melts 
produced by partial melting are likely to be more enriched in U and Th and more 
heat-producing. However, peralkaline melt compositions are not typically generated 
by partial melting and instead are produced by the differentiation of transitional or 
alkali-basalts (Bonin, 2007; Frost & Frost, 2011). Additionally, HHPG in 
Queensland are dominantly peraluminous (88%) with 10.5% being metaluminous 
and only 1.5% being peralkaline (Chapter 2). Consequently, the solubility of U- and 
Th-rich accessory phases is not sufficient to explain the variety of known HHPG. 
Other processes may thus interplay and are discussed in the following section. One 
important process is the physical entrainment of U- and Th-rich accessory minerals 
from the source during segregation and ascent, especially when shielded in major 
minerals such as biotite (Harrison & Watson, 1984; Bea, 1996).  
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1.2.3 Petrogenetic Processes 
Igneous processes, such as the degree of partial melting, crustal assimilation, and 
fractional crystallization are widely considered as important controls in the 
generation of HHPG. 
Igneous processes are involved in the formation and differentiation of magma 
bodies (Bowen, 1928; Baker & McBirney, 1985; McBirney et al., 1985; Sawka & 
Chappell, 1986; Sparks, 1989; Jaupart & Tait, 1995). After the generation and 
extraction of magma through partial melting of their source rocks, the transported 
melt cools and thus crystallizes. Magma composition can evolve via the physical 
separation of crystals from melt (i.e. fractional crystallization; Bowen, 1915, 1928; 
Putman and Miyashiro, 1980), or assimilate melted wall-rock due to heat given off 
during the crystallization process (assimilation-fractional crystallization; Ahern et al., 
1981; DePaolo, 1981; Huppert et al., 1985). Magmas and magma chambers can be 
replenished by new additions of mafic magmas (Wiebe, 1996; Wiebe & Collins, 
1998; Murphy et al., 2000) and undergo magma-mixing (Anderson, 1976; Sparks et 
al., 1977; Reid Jr et al., 1983) resulting in magma hybridisation (Zorpi et al., 1991; 
Grasset & Albarède, 1994; Bateman, 1995). Of these major processes, the following 
are predicted to have a significant role in the generation of HHPG: 
Partial melting: Melting causes the transfer of incompatible elements, including 
HPE, from the solid to the silicate liquid (Shaw, 1970). The degree of partial melting 
and composition of the rock being melted will both have an effect on the enrichment 
of the melt in HPE, and therefore in the generation of HHPG. Qualitatively, a small 
degree of partial melting will strongly concentrate incompatible elements and 
therefore HPE in the melt (refer to the curves D=0.01 and 0.001 for a fraction of melt 
< 0.2 in Figure 1.5). The volume of granitic rocks generated is relative to the degree 
of partial melting, volume of the source being melted and rate of melt production 
(Cruden & McCaffrey, 2001). A large degree of partial melting is more likely to 
generate a large volume of granitic magma, however, small degrees of partial 
melting < 7% are unlikely, because this is the minimum percentage for which the 
melt can physically separate and be extracted from the source (Brown, 2010). 
Therefore, significant partial melting must occur to allow the melts to separate from 
their source and then to form a large volume of solidified magma in the upper crust 
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Figure 1.5. Trace element concentration in the partial melt for different fraction of melt and partition 
coefficient; from Best (2009). D is the partition coefficient, Cl, the concentration of the element in the 
melt and Co, the concentration of the element in the source rock. Incompatible elements have D<1 
and are largely concentrated in the melt (high Cl/Co) for a small fraction of melt. 
(plutons, batholiths). Large degrees of partial melting (>20%; refer to vertical line on 
Figure 1.5) are consistent with volume relationships, but this will dampen somewhat 
the concentration of HPE in magmas. However, at ~20% partial melting, melts will 
be enriched in incompatible or HPE by ~4-5 times. Examples of HHPG believed to 
be generated by low degrees of partial melting are Erzgebirge (Förster et al., 1999) 
and HHP migmatitic granites of Southern Finland (Kukkonen & Lauri, 2009) 
produced by low degrees of partial melting (<20%) of a non U-Th enriched source. 
Fractional crystallization results in the concentration of incompatible elements like 
U, Th and K in residual liquids that can then solidify to form granites. The process of 
fractional crystallisation is usually revealed using Harker diagrams (Major elements 
oxide versus SiO2 wt%) but this process leads to either extreme enrichments (e.g., 
Rb) or depletions (e.g., Sr, Eu) of trace elements (Hanson, 1980). During fractional 
crystallisation, the concentration of Rb increases while the concentration of Sr 
decreases (Figure 1.6.A). This is due to Sr compatibility in plagioclase and the 
crystallisation and removal of plagioclase, whereas Rb generally behaves as an 
incompatible element and therefore concentrates in the residual melt. Strong negative 
Eu anomalies in igneous rocks, as measured by Eu/Eu* (Eq. 1.2), are commonly 
interpreted as plagioclase fractionation. Consequently, elevated Rb/Sr (>10) ratios 
and strong negative Eu anomalies (i.e., Eu/Eu* <0.1; Figure 1.6) are potential signs 
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Figure 1.6. A. Rb vs Sr, illustrating the role of fractional crystallisation (dashed line) on the magma 
chemistry. Monotonous intermediates refer to large-volume ignimbrites; From Bachmann et al. 
(2007). B. Rb/Sr vs Eu/Eu* for  igneous rocks in Queensland (using 637 analyses that have Eu, Sm, 
Gd, Rb and Sr values from the compiled database; Appendix 2.1); 15 outliers with Eu/Eu*>1.5 were 
removed. Note that rocks with Rb/Sr>10 exhibit Eu/Eu*<0.1. 
for extensive fractional crystallisation (Halliday et al., 1991; Bachmann et al., 2007) 
Eu/Eu∗  =  
EuN
√SmN×GdN
  [1.2] 
Where, N is normalised to chondritic values from Sun & McDonough (1989). 
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Extensive fractionation (>80%; refer to Figure 1.5 where for 80% fractionation, i.e.,  
20% residual melt, the concentration of incompatible elements, including HPE, 
increases drastically) of a mantle-derived melt is unlikely to generate a HHPG. As 
seen in Table 1.1, M-type granites, which result from this process, have a very low 
concentration of HPE. The best example of fractionated M-type granite is the 
Sandwich Horizon layer in the Skaergaard intrusion. The Sandwich Horizon 
represents the residual liquid after 98% of crystal/melt fractionation of mafic 
magmas in a closed system (Hunter & Sparks, 1987; McBirney, 1989; McBirney & 
Naslund, 1990; McBirney, 1998, 2002). Whereas extensive fractionation of mafic 
magma in the Skaergaard intrusion have generated rocks with ~70 wt% SiO2, they do 
not show any enrichment in HPE, particularly the concentration of Th, which is 
lower than the upper continental crust (Hunter & Sparks, 1987; Taylor & McLennan, 
1995; McBirney, 2002). Therefore, the initial composition of the melt reflecting 
source composition (and the fractionating assemblage), plays an important role in the 
final chemistry of granites. The coupling of a source rock pre-enriched in HPE and 
fractional crystallisation are more favourable to generate HHPG (Sawka & Chappell, 
1986; Chappell & Hine, 2006; Champion et al., 2009).   
The high content of F and B in the granitic melt reduces its viscosity (Chorlton & 
Martin, 1978; Pichavant, 1981; Dingwell, 1988; Dingwell et al., 1992; Bagdassarov 
et al., 1993; Giordano et al., 2004; Kubis & Broska, 2005), and therefore enhances  
crystal/melt fractionation promoting the generation of highly fractionated granites. F 
and Cl may also cause extreme enrichment of U and Th in silicic granites (e.g., 
Keppler & Wyllie, 1990) 
Fractionation of a melt enriched in F and B is thus likely to generate HHPG. 
Examples of HHPG generated in this way are the tin-mineralised granites in 
Cornwall, Erzgebirge, Scottish Caledonides, South Africa and HHPG from far North 
Queensland (Simpson & Hurdley, 1985; Charoy, 1986; Plant et al., 1990; Champion, 
1991; Bain & Draper, 1997; Förster et al., 1999; Chappell & Hine, 2006).   
Assimilation and fractional crystallization (AFC) represents the incorporation of 
melted wall-rock into the resident magma, through heat given off during the 
crystallization process (Ahern et al., 1981; DePaolo, 1981; Huppert et al., 1985). 
This may be an important process in enriching magmas in HPE where wall-rocks are 
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relatively enriched in those elements. However, the ability of silicic magmas to cause 
significant melting of wall-rocks is questionable. Assimilation of crustal rocks by 
basaltic magmas has been extensively reported in the literature (Rudnick et al., 1986; 
Campbell & Turner, 1987; Grove et al., 1988; Davidson & Wilson, 1989; Hickey -
Vargas et al., 1989; McCulloch et al., 1994; Reiners et al., 1995), but only a few 
examples of assimilation by silicic magmas are documented. Wall-rock assimilation 
by granitoid magmas may be expressed by the presence of xenoliths at intrusion 
margins (Dungan, 2005; Glazner & Bartley, 2006; Barker, 2007; Glazner, 2007; 
Mills et al., 2009), but the capability of granitic melts to digest these xenoliths, 
whether by melting or disaggregation is not significant (Ward et al., 1992; Mills et 
al., 2009). This is generally supported by: 1) restriction of xenoliths to intrusion 
margins, 2) some studies showing that assimilation is restricted to small areas around 
xenoliths (e.g., only 2 meters away from the contact for the Tuolumne Intrusive Suite 
in Yosemite; Mills et al., 2009), and 3) isotopic and geochemical investigations of 
both plutons and wall-rocks (Glazner & Bartley, 2006). Additionally, any significant 
enrichment of HPE in the granitic melt by wall-rock assimilation would require the 
presence of an anomalously enriched material. Consequently, assimilation processes 
are considered to play only a minor role, if any, in the generation of HHPG. 
1.2.4 The role of tectonomagmatic events in the formation of HHPG 
Tectonic processes and settings are a fundamental control on the conditions of 
magma generation such that: 1) the magnitude and source of heat required to produce 
magmas from either the mantle or crust, 2) the composition of the protolith, 3) the 
degree of fractionation, and 4) volume of magmas produced, can vary considerably 
between different tectonic environments. Tectonic processes also affect the 
continental crust with its growth by the addition of mantle-derived material beneath 
the crust, i.e., magma underplating (e.g., Fyfe, 1992), or its destruction by 
delamination (i.e. loss of material; Stern, 2011). Tectonic processes can modify the 
composition of the continental crust (Rudnick & Gao, 2003), such as through 
underplating and partial melting events, that may also be associated with deformation 
processes thinning or thickening the crust, and contribute to crustal differentiation 
(see Section 1.2.5). 
The formation of HHPG may be favoured by tectonic settings that promote crustal 
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partial melting (in particular, the HPE-enriched mid to upper crust – see Table 1.1) 
and/or environments where magmas can be strongly fractionated. The above review 
has shown and discussed how mantle-derived magmas, and in particular how 
extreme fractionation of mantle-derived magmas, are highly unlikely to produce 
significant magma volumes with compositions approaching that of an HHPG (Table 
1.1). At the very least, igneous rocks produced by these processes or in these tectonic 
environments would need to be remelted to produce new magmas that will have 
enrichments over the source material. The following are tectonic settings considered 
favourable for the enrichment of HPE in silicic magmas: 
 Continental Large Igneous Provinces (LIP), such as Continental Flood Basalts 
(CFBs), and Silicic LIPs (Bryan, 2007; Bryan & Ferrari, 2013), mostly emplaced 
in intraplate settings, are likely to host HHP igneous rocks. High mantle heat 
fluxes in extensional environments can contribute to crustal partial melting, the 
longevity of magma systems and thus promote fractionation. As discussed above, 
crustal partial melting processes can enrich magmas in HPE, which can be 
particularly enhanced if melting is of pre-enriched crust and/or if a high degree of 
fractional crystallisation is superimposed. Examples of CFBs containing HHP 
igneous rocks include rhyolitic rocks in the Deccan Traps (Lightfoot et al., 1987), 
the Yellowstone, Snake-River Plain Volcanic Province (Christiansen, 2001; 
Bonnichsen et al., 2008; Watts et al., 2011), and silicic LIPs examples include 
rhyolites in the Sierra Madre Occidental (Wark, 1991; Albrecht & Goldstein, 
2000; Bryan et al., 2008). 
 Continental extensional environments such as rifts, back-arc and arc-rift 
environments or gravitational post-orogenic collapse of overthickened crust, all 
involve thinning of the crust that can promote crustal partial melting. EGS granite 
reservoirs currently being developed are all interpreted to have formed in 
extensional settings, whether related to the gravitational collapse of an orogen 
(e.g., Erzgerbirge in Germany, Fӧrster et al., 1999; Soultz-sous Fôrets in France, 
Stussi et al., 2002; and the La Pedriza pluton in Spain, Perez-Soba and Villaseca, 
2000) or anorogenic/within-plate (Big Lake Suite in the Cooper Basin in South 
Australia, Marshall, 2013; China, Cheng and Jingwen, 2010; and Nigeria, 
Kinnaird et al., 1985). Indeed,  long-lived and/or high heat fluxed extensional 
environments are more likely to produce large volumes of granitic rocks rather 
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than non-extending supra-subduction zone volcanic arcs (e.g., the volumetric 
eruption rate for continental rift is 0.01 km
3
/yr against 0.001 km
3
/yr for 
continental arcs; White et al., 2006).  
 Continental collision environments may involve partial melting of deeply 
underthrusted and buried (upper) crustal material (Patiño Douce et al., 1990) and 
thus produce granitic melts enriched in radiogenic elements. However, this 
enrichment and magma volume appear to not be significant. For example, the 
Himalayan leucogranites, a classic example of partial melting of deeply subducted 
continental crust, reach a maximum heat production of 3 μW/m3 and have 
abundances of U and Th similar to, or lower than the average upper continental 
crust (Taylor & McLennan, 1995; Ayres & Harris, 1997; Guo & Wilson). 
Furthermore, limited mantle heat flux occurs in these environments, and only 
“small-volumes” of igneous rocks (e.g., 10-3 km3/yr and 6–7 km long x 1.5–2 km 
thick laccoliths, formed in ~100 years; Gangotri leucogranites) tend to be formed 
(Scaillet et al., 1995; Knesel & Davidson, 2002; Vigneresse & Burg, 2003; White 
et al., 2006). Additionally, collisional mountain belts are largely exposed to 
erosion and thus HHPG may have a low, long-term preservation potential in this 
type of setting (Zeitler et al., 2001; Sandiford et al., 2002; Chappell & Hine, 
2006). These arguments suggest continental collision environments and orogenic 
events have limited potential for EGS. Moreover, there are no examples of HHPG 
in the literature in continental collision environments. 
 In subduction zones, the dominant magma types are andesitic for continental 
arcs (Lopez-Escobar et al., 1977; Thorpe & Francis, 1979) and basaltic andesitic 
for oceanic arcs (Gill, 1981; Ewart, 1982), and thus both settings generate 
magmas principally with whole-rock silica contents <60 wt%. As seen in Figure 
1.2, these compositions do not tend to be HHP. An exception occurs when 
subduction zones undergo extension (e.g., Hamilton, 1994), either at  oceanic arcs 
(Fackler-Adams and Busby, 1998) or continental arcs (e.g., Taupo Volcanic zone 
in New Zealand; Cole and Nairn, 1986; Wilson et al., 1995; Cole et al. 2010). 
Extending arcs are distinctly more rhyolitic/granitic dominated (>65 wt% SiO2) 
reflecting enhanced melting of arc igneous crust. The Taupo Volcanic Zone 
rhyolites as an example, generally have similar, or lower concentrations of U, Th 
and K2O with respect to the upper continental crust (Sutton et al., 1995; Sutton et 
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al., 2000). Therefore, extensional arcs may have limited potential for the 
generation of HHPG, but this will be strongly dependent on the nature of the 
crustal materials residing within the zone of arc/back-arc extension. No HHPG 
have so far been recognised in the literature as having been formed in supra-
subduction zone environments. 
In summary, continental LIPs and extensional environments (e.g., rifts ± back-arc 
and arc-rift environments or gravitational post-orogenic collapse of overthickened 
crust) are considered the most favourable for the formation of HHPG. All known 
HHPG cases occur in intraplate/anorogenic or post-collisional extension settings. 
1.2.5 Crustal evolution and intracrustal differentiation 
Granitic magmatism is the principal mechanism by which continental crust becomes 
differentiated, producing a granulitic lower crust and a granitic upper crust (Rudnick 
& Fountain, 1995; Rudnick & Gao, 2003). Intracrustal differentiation through 
granitic magmatism therefore leads to the enrichment in incompatible elements in the 
upper crust and depletion in the lower crust (Table 1.1). HPE are incompatible and 
thus concentrate into lower density granitic magmas that are preferentially emplaced 
in the upper crust or erupted at the surface. 
The compositions of lower and upper continental crust as derived by Rudnick and 
Gao (2003) suggest the continental crust was formed in a two-stage process (e.g., 
Hofmann, 1988). First, crustal growth occurs by under- or intra-plating of mantle-
derived magmas. These mantle-derived magmas may simply be added to the crust or 
they may have undergone a subsequent degree of differentiation via fractional 
crystallisation and/or crustal contamination leading to small volumes of evolved 
silicic magmas. Second, crustal differentiation through partial melting of mantle-
derived solids stored in the crust lead to more abundant silicic magmatism. 
For crustal differentiation to occur, a heat source is required to initiate crustal 
melting. Such heat may be provided by the addition of mantle-derived magmas into 
the crust (Huppert & Sparks, 1988), and can promote crustal differentiation, and thus 
HPE enrichment in the upper levels of the continental crust. These magmas are, 
however, depleted in HPE and their additions to the crust lead to overall depletion of 
HPE in the bulk crust. 
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Repeated partial melting of pre-existing crust and to a lesser extent, subsequent 
differentiation (e.g., fractional crystallisation) of these magmas contribute to the 
incompatible enrichment of the upper continental crust (e.g., Hawkesworth & Kemp, 
2006a). Time is thus an important parameter in crustal differentiation and evolution, 
and highly differentiated/evolved crustal sources may be an important key ingredient 
in the generation of HHPG. A possibility is that HPE in granitic rocks increase over 
time due to partial melting of HPE pre-enriched crustal sources (Figure 1.7.A). 
Alternatively, HPE in granitic rocks over time may decrease if the same source is 
being repeatedly remelted (Figure 1.7.B). Another hypothesis is that HPE in granitic 
rocks vary over time in response to different tectonic settings (Figure 1.7.C). Finally, 
HPE over time may remain constant (Figure 1.7.D), however this scenario is unlikely 
as magmatism would either increase or decrease HPE concentrations. Those four 
hypotheses are tested and discussed further in Chapters 5 and 6. 
 
 
Figure 1.7. Predicted theoretical patterns of HPE concentrations (CHPE) over time. A. Continuous 
increase over time as crustal differentiation proceeds; B. Continuous decrease over time due to 
repeated reworking of the same source; C. Up and down variations due to the impact of different 
tectonic settings; D. Constant evolution. 
1.2.6 Secondary factors 
Whereas HPE enrichment in HHPG is believed to result from primary first order 
controls (i.e. crustal source and petrogenetic processes), secondary factors such as 
post-solidification hydrothermal alteration may have an important role in 
concentrating or redistributing HPE (e.g., Middleton, 2013). The role of 
hydrothermal fluids in the generation of HPE-enriched granites is the focus of 
complementary research conducted within the Queensland Geothermal Energy 
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Centre of Excellence (QGECE), by Alex Middleton, PhD student at the University of 
Queensland (Middleton, 2013). Importantly, not all hydrothermally altered granites 
are HHP, and not all unaltered granites are LHP. In addition, hydrothermal alteration 
is often closely associated with primary processes such as extreme fractional 
crystallisation (e.g., porphyry systems; Dupont et al., 2002; Mustard et al., 2006; 
Audétat, 2010). 
1.2.7 Summary 
In summary, this review identifies different mechanisms involved in the formation of 
granites and HHPG such as low degrees of crustal partial melting or partial melting 
of a pre-enriched crustal material, extensive fractional crystallisation (>80%), and 
assimilation of HPE-enriched crustal/wall rocks. Subsequent hydrothermal alteration 
may enhance or redistribute the concentration of HPE. However, the contribution of 
each process in the formation of HHPG is not well-understood, as well as the 
possible combination of different mechanisms. The processes by which chemically, 
mineralogically and temporally similar LHPG and HHPG can be produced within the 
same region are also unclear. 
1.3 RESEARCH AIMS 
A significant feature of Figure 1.2, is that an extreme variation in heat-producing 
capacity from 0 to ~15 μW/m3 exists for granitic rocks (SiO2 >70 wt%) in 
Queensland  (and also western North America). This is therefore the fundamental 
problem confronted by this research, and a key issue in exploring for, and 
developing, EGS: why do some granitic rocks show strong to extreme enrichments in 
the heat-producing elements, when the majority do not? Therefore, the issues to 
understand are: 1) the spatial-temporal distribution of HHPG in Queensland and their 
geological attributes, 2) the capability of buried granitic rocks to generate elevated 
geothermal gradients, and 3) the causes of HPE enrichment in granitic rocks. In 
regards to the third point, the role of secondary processes and igneous processes have 
been the focus of other research projects completed by Alex Middleton and Vicki 
Marshall respectively at the University of Queensland (Marshall, 2013; Middleton, 
2013). This study will focus on the longer-term roles of crustal evolution and 
differentiation and tectonic processes. 
The research questions of this research project are: 
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1) How do the different granite suites and episodes of granite generation in 
Queensland differ in terms of their heat generating capacity? 
2) What is the origin of the subsurface temperature anomaly in southwest 
Queensland? 
3) What is the role of crustal evolution/differentiation and tectonic processes in 
generating heat-producing element enrichment in granites?  
This research consequently aims to: 1) assess the distribution and geological 
attributes of high heat-producing granites, including the tectonomagmatic events of 
granite generation in Queensland; 2) re-evaluate the geothermal potential in 
southwest Queensland and to investigate whether subsurface granitic rocks are the 
explanation to the elevated geothermal gradients; and 3) investigate the role of 
crustal evolution and differentiation, and the role of tectonic processes on heat-
producing element enrichment in granitic rocks (Section 1.2.4 and 1.2.5).  
1.4 RESEARCH PLAN 
To address the research questions posed by this project (Section 1.3), the approach 
developed is multidisciplinary and synergistic using recent advances in mineralogy, 
geochemistry and geochronology. This includes field sampling, analytical work (e.g., 
mineralogy, whole-rock geochemistry, and zircon chronochemical studies), 
stochastic modelling, and the use of GIS techniques. The research design of this PhD 
project is illustrated in Figure 1.8. The outcomes provide a regional assessment of 
EGS resources in Queensland, and give new insights into the tectonomagmatic 
evolution of Queensland. 
1.4.1 Research Question 1: How do the different granite suites and episodes of 
granite generation in Queensland differ in term of their heat generating 
capacity ? 
To address this question, the first step has been to utilise available, extensive whole-
rock geochemical and geochronological databases for igneous rocks in Queensland 
to: 1) assess the mineralogy, geochemistry, ages, tectonic setting and magnitude of 
heat-producing capacity of the major igneous suites in Queensland; and 2) identify 
and relate examples of HHPG.  
Following data compilation and quality assessment, the database was interrogated via
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Figure 1.8. Research design for this project. RQ: Research Question; HHPGs: High heat-producing Granites; LHPGs: Low Heat-producing Granites; HPE: Heat-producing 
Elements; BLS: Big Lake Suite; QLS: Queensland.  
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GIS techniques to visualize the spatial-temporal relationships of HHPG and igneous 
activity in Queensland.  
1.4.2 Research Question 2: Is the observed temperature anomaly at 5 km depth 
caused by radioactive decay of subsurface granitic rocks in southwest 
Queensland ? 
The second phase of this project was to examine potential HHPGs in southwest 
Queensland. Here, a major temperature anomaly occurs (Figures 1.4, 1.9), extending 
southwest into South Australia where HHPGs are known (Chopra & Holgate, 2005), 
and are actively being developed into an EGS (Geodynamics Limited at Hanabero; 
http://www.geodynamics.com.au). Heat flow studies particularly indicate the high 
temperatures observed at Innamincka are related to release of heat generated by 
radioactive decay within HHPGs at depth, below a thermally insulating sedimentary 
cover (Middleton, 1979a; Gallagher, 1987; Beardsmore, 2004). It has thus been 
similarly predicted that anomalously high temperatures in southwest Queensland also 
result from subsurface HHPGs (e.g., Chopra & Holgate, 2005; Draper & D'Arcy 
2006) (Figure 1.4). However, heat production values estimated from limited whole-
rock chemical data for the few granites (Champion et al., 2007) intersected in 
petroleum wells to depths of ~3 km are substantially lower (1.6-4.2 µWm-3) than 
those estimated for granites at Innamincka (9.7 µWm-3 for the Big Lake Suite 
Granite; Middleton, 1979) . Clearly, further studies are required to better understand 
the origin of the prominent temperature anomaly (Figure 1.4), its relation to any 
HHPG, and therefore EGS potential. Another possibility is that elevated geothermal 
gradients result from the combination of thick layers of insulating sedimentary cover 
rocks and moderately heat-producing granites at depth (Siégel et al., 2012a). A goal 
of this study is then to understand the nature and origin of the thermal regime in 
southwest Queensland and to re-assess the geothermal potential in this area.  
The correct determination of temperature at a target depth is crucial for geothermal 
development. In order to correctly estimate the temperature at 5 km depth, heat flow 
calculations are undertaken (see Chapter 3 for further details). The availability of 
heat flow data in Australia and across the GAS are limited with only two heat flow 
values reported for the Queensland part of the Oztemp anomaly (Gallagher, 1987; 
Goutorbe et al., 2008). Additional heat flow determinations are restricted to the 
South Australian part of the Cooper Basin, (Beardsmore, 2004; Meixner et al., 2012). 
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Figure 1.9. Interpreted temperature map at 5 km depth in Australia. Temperature measurements are 
from Gerner and Holgate (2010). 
1.4.3 Research Question 3: What is the role of crustal evolution/differentiation 
and tectonic processes in generating heat-producing element enrichment 
in granites? 
Crustal differentiation over time involves several mechanisms that lead to HPE 
enrichment in silicic rocks. These include the transfer of granitic magmas from the 
lower to the upper crust, partial melting of pre-HPE-enriched igneous material, 
fractional crystallisation, and crustal assimilation. This study aims to provide insights 
into the role of crustal evolution in generating HHPG. This was achieved by 
selecting a small-scale study area (200x100 km; Bowen-Mackay area in central 
eastern Queensland) that has undergone successive and superimposed magmatism 
over a 350 Myr period. This will limit the effects of lateral crustal compositional 
variation and enable investigation of the role of crustal evolution, and tectonic setting 
in producing enrichments or depletions of HPE. Long-term compositional trends in 
these igneous rocks are investigated to identify any first-order controls on HPE 
enrichment or depletion. 
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The Mackay-Bowen region (Figure 1.10) is identified here as a key area to address 
this research question because of its abundant and diverse outcrops of granitic rocks. 
Here, granite intrusions of different ages occur: Early Carboniferous (e.g., Mount 
Nutt, Tommy Roundback, Birds Nest), Late Carboniferous (e.g., Tally-Ho Igneous-
complex, Mount Shields), Early-Middle Permian (e.g., Thunderbolt, Whitehorse 
Granite and Grant Creek granites), Late Triassic (e.g., Gloucester Granite; Passage 
Islet; Shaw and Knight islands in the Whitsundays), Cretaceous (e.g., Hecate 
Granite, Mount Abbot, Mount Pring, Blackwall Quartz Diorite; Scawfell, Wigton 
and Derwent in the Whitsundays), (Webb & McDougall, 1968; Clarke et al., 1971a; 
Ewart et al., 1992; Allen et al., 1997; Allen et al., 1998; Bryan et al., 2000; Bryan et 
al., 2003) and Tertiary (e.g., silicic subvolcanic intrusions occurring in the region at 
Cape Hillsborough and Mt Jukes Intrusive Complex, (McDougall & Slessar, 1972; 
Withnall et al., 2009). This age diversity of granitic rocks in the same area allows the 
examination of the evolution of the concentration of HPE in granites through time. 
Additionally, the Bowen study area has contemporary HPE-enriched and HPE-
depleted igneous rocks, as illustrated by the airborne radiometrics for the region 
(Richardson, 2003). The superimposition of igneous rocks with contrasting heat-
producing potential is useful to understand why both HHPGs and LHPGs of similar 
age could be produced in the same area (Chapter 2). Airborne radiometrics also 
highlight potential HHPG in the region (e.g., Thunderbolt and Whitehorse granites 
for the Permian period and Mount Pring and Hecate granites for the Cretaceous 
period). However, whole-rock geochemical data are limited (e.g., one analysis for the 
Thunderbolt Granite, two for the Whitehorse Granite, two for the Hecate Granite, 
and two for the Mount Pring Granite), or do not indicate HHP. For example, 
calculated heat production values are low (e.g., 1.5 μW/m3 for the Thunderbolt 
Granite; Champion et al., 2007;  2.2 μW/m3 for the Whitehorse and Hecate granites; 
GSQ database and Allen et al., 1997, and 0.35 and 3.26 μW/m3 for Mount Pring; 
Allen et al., 1997); these data contrast with indications from the airborne radiometric 
data for higher-heat-producing granites to be present (Figure 5.5A). Finally, the 
Bowen area is of interest for geothermal energy with the Hillsborough Basin being 
investigated as part of the Coastal Geothermal Energy Initiative (CGEI) of the 
Queensland Government (Bowden & Sargent, 2010) and supporting drilling program 
undertaken by the Geological Survey of Queensland (GSQ) in 2012. 
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Figure 1.10.; A. Regional geological context, after Bryan et al. (2004), B. Geology of the Bowen-Mackay area, after Allen (2000). 
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1.5 METHODOLOGICAL APPROACH 
To address these three research questions, a multi-disciplinary approach using 
a wide range of advanced technologies has been adopted (Figure 1.8). These include: 
 the compilation and interrogation of a compiled dataset (Chapter 2). This 
dataset includes >16,000 whole-rock chemistry and geochronology analyses on 
igneous rocks in Queensland and is used to evaluate the distribution and 
geological attributes of HHPG in Queensland. 
 one dimensional stochastic thermal modelling to re-evaluate the geothermal 
potential in southwest Queensland and to help understand the cause of the 
temperature anomaly. This is accomplished by determining the temperature and 
heat flow at 5 km depth for 163 wells and creating maps that can be used as future 
exploration guides (Chapter 3), 
 integrated mineralogy, including the location and nature of U- and Th-rich 
accessory minerals, whole-rock chemistry, zircon and monazite chronochemistry, 
and Hf and O isotopes on zircons (Chapters 4, 5 and 6) to unravel the nature of 
crustal sources involved in granite petrogenesis, to shed light on the protolith and 
origin of HPE enriched granitic rocks and to evaluate the nature and timing of U 
and Th enrichment in granitic magmas. Two case study areas are used to address 
these issues: southwest Queensland and the Bowen-Mackay area. Elevated 
geothermal gradients in southwest Queensland and the role of a higher crustal 
input are investigated by analysing buried granitic rocks. These granitic rocks are 
then compared with a known granitic suite suitable for EGS in South Australia 
(BLS that has heat production values up to ~12 μW/m3; Middleton, 1979a  and 
Marshall, 2013) , and are used to unravel the nature of the deeper basement 
(Chapter 4). The Bowen-Mackay area, identified as a restricted area with long-
lived granitic magmatism is used here to evaluate the role of crustal evolution in 
HPE-enrichment or depletion over time (Chapters 5 and 6). 
1.6 THESIS STRUCTURE 
This thesis comprises an introductory Chapter (Chapter 1), five core chapters 
(Chapters 2 to 6) presenting new results, and a discussion Chapter (Chapter 7) 
integrating the key findings from all chapters. 
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Chapter 1 introduced the significance of the topic and the research design of this 
study. Chapter 2 investigates the wide range of heat production at high-silica 
content (>70 wt%) and provides a new assessment of potential EGS targets in 
Queensland. This was performed using a new compiled dataset of whole-rock 
chemical and geochronological data on igneous rocks in Queensland. The 
interrogation of this dataset focused on assessing HHPG distribution, their relation to 
known sedimentary cover, their characteristics, and possible controlling factors in 
their genesis. 
Elevated geothermal gradients in southwest Queensland, and the lack of geochemical 
data in this area as highlighted in Chapter 2, underpin the need to sample subsurface 
granitic rocks to determine their heat-producing potential. The origin of the large 
subsurface temperature anomaly is investigated in Chapters 3 and 4 with a re-
evaluation of the geothermal potential in southwest Queensland in Chapter 3 and the 
analyses of subsurface granitic rocks in Chapter 4. Chapter 3 provides 163 new 
temperature and heat flow determinations at 5 km depth generated using a one-
dimensional stochastic thermal model. These were interpolated to generate new 
temperature and heat flow maps at 5 km depth. Interrogation of the results indicates 
that elevated geothermal gradients derive from a higher crustal input between 5 and 
40 km depth. This higher crustal input may correspond to the extension of HHPGs of 
the BLS into Queensland, or to a crustal basement enriched in HPE. The nature of 
this higher crustal input is investigated in Chapter 4 using mineralogy, whole-rock 
chemistry and emplacement ages to compare subsurface granitic rocks in southwest 
Queensland to HHPGs of the BLS, and zircon chronochemistry, Hf and O isotopes 
on zircons to track the nature and age of the deeper basement. 
Chapters 2, 3 and 4 indicated that the nature of crustal sources strongly control the 
HPE-enrichment or depletion in granitic rocks. The evolution of crustal sources over 
time consequently affects the overall HPE enrichment/depletion in silicic igneous 
rocks. The role of crustal evolution in generating HPE enrichment/depletion in silicic 
igneous rocks is investigated in Chapters 5 and 6. This was achieved using an area, 
i.e., the Bowen-Mackay case study area, that has undergone long-lived silicic 
magmatism, exhibit igneous rocks with both elevated and low heat-producing 
potential, and is small-scale (~200 x 100 km) to avoid any lateral crustal variation. 
Long-term compositional trends are examined in Chapter 5 using mineralogy and 
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whole-rock chemistry on 75 silicic igneous rocks, and the nature of sources over time 
are examined in Chapter 6 using zircon chronochemistry and Hf isotope on zircons.  
Chapter 7 brings the key findings together to answer the research questions and to 
discuss their global implications. This Chapter also highlights the main outcomes of 
this thesis, for both research and industry purposes. 
1.7 LIST OF PUBLICATIONS  
Several outcomes from Chapter 2 have been presented at the Australian 
Geothermal Energy Conference (AGEC) in 2011 in Melbourne. Both a poster and a 
peer-reviewed extended abstract were completed for this conference and are given in 
Appendix 1.5. The extended abstract is entitled: 
Siégel C, Bryan SE, Purdy DJ, Gust DA, Allen CM, Uysal, T, & Champion, D 
(2012) A new database compilation of whole-rock chemical and geochronological 
data of igneous rocks in Queensland: a new resource for HDR geothermal resource 
exploration. In Rudd, A. (Ed.) Proceedings of the 2011 Australian Geothermal 
Energy Conference, Geoscience Australia, Sydney, 239-244.  
Chapter 3 is a modified version of a journal article published in Geothermics. 
The accepted version is provided in Appendix 1.10: 
Siégel C, Schrank CE, Bryan SE, Beardsmore GR & Purdy DJ (2014) Heat-
producing crust regulation of subsurface temperatures: A stochastic model re-
evaluation of the geothermal potential in southwestern Queensland, Australia. 
Geothermics, 51, 182-200. 
Some key findings from Chapter 4 have been presented at the 34
th
 
International Geological Congress (IGC) in 2012 in Brisbane and at the Digging 
Deeper seminar day in 2012 organised by the Geological Survey of Queensland. As a 
result, one short abstract and a Queensland geological record were prepared. These 
are given in Appendix 1.6 and 1.7.  
The conference abstract is entitled: 
Siégel C, Bryan SE, Purdy DJ, Allen CM, Uysal T, Gust DA (2012) The origin of the 
temperature anomaly in SW Queensland Australia: High Heat-producing Granites or 
efficient insulation cover? In Proceedings of the 34th International Geological 
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Congress 2012, Australian Geoscience Council, Brisbane Convention & Exhibition 
Centre, Brisbane, Australia, p.1793. 
The extended abstract is entitled: 
Siégel C, Bryan SE, Purdy DJ, Allen CM, Schrank CE, Uysal T, Gust DA & 
Beardsmore GR (2012) Evaluating the role of deep granitic rocks in generating 
anomalous temperatures in SW-Queensland. In Queensland Geological Record 
2012/14, Geological Survey of Queensland, University of Queensland, Brisbane, 
Australia, 95-101. 
Key results from Chapters 5 and 6 have been presented at the Goldschmidt 
conference in 2013 in Florence, Italy. One short abstract was written and is given in 
Appendix 1.8. The short abstract is entitled: 
Siégel C, Bryan SE, Allen CM, Purdy DJ & Gust DA (2013) Heat-producing 
element enrichment in granitic rocks & zircon Hf isotopic constraints on crustal 
evolution in NE Queensland, Australia Mineralogical Magazine, 77(5): 2212 
 
Substantial improvements on Chapters 2, 4, 5 and 6 have been performed since 
presentation at international conferences and the short/extended abstracts were 
written. 
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Chapter 2 Spatial temporal distribution of 
high-heat-producing igneous rocks 
in Queensland 
2.1 INTRODUCTION 
2.1.1 Aims 
Geothermal potential in Queensland is significant (Chapter 1), but known elevated 
geothermal gradients are located far from population centres and from the electricity 
grid, limiting current economic feasibility. EGS requires both a large volume of 
granitic bodies enriched in HPE and an overlying sedimentary cover that acts as an 
insulative blanket. Queensland is host to extensive granitic magmatism, and large 
volumes of granite (> 81,000 km
2
 outcropping granitic rocks) occur predominantly 
along the eastern coast and to the northwest in the Mount Isa region (Figure 1.3). In 
addition, Queensland has had repeated episodes of basin subsidence and thick 
accumulations of sedimentary rocks resulting in often stacked sedimentary basins 
(Figure 2.1). Defining potential EGS targets therefore requires identifying key time 
periods, locations and compositions of granites in Queensland that have the highest 
HPE enrichment, and then examining their spatial-temporal relationships with 
covering sedimentary basins. 
This Chapter aims to provide a basic assessment of EGS potential in Queensland, 
particularly in areas close to population centres and the existing electricity grid, by 
identifying episodes of HHPG generation in Queensland and their relationships to 
sedimentary basin cover. This is accomplished by compiling and interrogating all 
available published whole-rock chemical and geochronological data for igneous 
rocks in Queensland and then defining the spatial-temporal distribution of HPE-
enriched igneous rocks in Queensland. This Chapter also aims to understand whether 
the heat production spectrum recognised in Figure 1.2 is caused by specific 
tectonomagmatic events (e.g., one event generating HHP igneous rocks and others 
not) or if it occurs for each tectonogmagmatic event or whether it has any spatial 
significance. 
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Figure 2.1. Distribution of onshore sedimentary basins in Queensland that can provide thermal 
insulatory cover to HHPGs. Modified after Withnall et al. (2013). 
A comprehensive and new integrated geochemical and geochronological database on 
igneous rocks has been developed here to assist the geothermal industry and 
exploration for EGS in Queensland. To date, around 16,000 igneous rocks have been 
analysed across Queensland over a number of decades for chemical and/or age 
information. However, these data currently reside in a number of disparate datasets 
(e.g., Ozchron, Champion et al., 2007, Geological Survey of Queensland, journal 
publications, and unpublished university theses). The goal of this Chapter has been to 
collate and integrate these data on Queensland igneous rocks to improve our 
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understanding of HHPGs in Queensland, in terms of their distribution (particularly in 
the subsurface), dimensions, ages, and controlling factors in their genesis. 
2.1.2 Previous knowledge on HHPG in Queensland 
HHPG are present in Queensland, but have not yet been intensively studied. Most 
interest in granites has previously been based on their mineralisation potential. For 
example, the Permo-Triassic I-type intrusions of the Moonbi Supersuite are 
associated with Sn, W, Mo and minor Cu mineralisation; and Carboniferous I-type 
granitic rocks from the Hodgkinson Province are associated with Sn, W-Mo-Bi and 
Cu-Pb, Ag-Au deposits; (Murray, 1986; Blevin et al., 1996; Bain et al., 1998).  
Previous studies on Australian HHPGs have been undertaken principally in South 
Australia in the Mount Painter Province (Kromkhun, 2010; Kromkhun et al., 2013) 
and on the Big Lake Suite and Moomba, where subsurface HHPGs are being 
harnessed for EGS development at Innamincka (Gatehouse et al., 1995; Marshall, 
2013; Middleton, 2013). In Queensland, a review of U mineralisation potential in 
Australia identified U-rich-granitoids, and hence HHPGs, in the: 1) Mount Isa 
region, 2) Georgetown region and  3) southern portion of the New England Orogen at 
the border between Queensland and New South Wales (Schofield, 2009). 
Recently, Champion et al. (2009) recognised several types of HHPGs in Australia 
with K-rich Archean granites in the Pilbara and Yilgarn cratons, Proterozoic I- and 
A-type granites and Paleozoic I- and S-type granites. They proposed that HPE 
enrichment was caused by partial melting of an enriched lower crust for the Archean 
and Proterozoic granites, and mainly by fractional crystallisation for Paleozoic 
granites.  
2.2 MATERIAL AND METHODS 
2.2.1 Data sources 
Over the last 50 years, many conventional studies of granitic rocks, generally 
focussing on their mineralogical and compositional characteristics, have been 
undertaken to understand source rock compositions, igneous processes and 
associations with mineralisation. A renewed interest and new focus on granitic rocks 
in terms of their heat generating capacity has resulted from EGS potential 
development. Consequently, a substantial database exists on the mineralogy, 
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chemistry and age of granitic rocks (in Queensland), that can be reassessed and 
utilised for HHPG identification and targeting. The main datasets include 19 
disparate datasets (Table 2.1) with 6 datasets including only geochemical analyses, 7 
datasets including only geochronological analyses and 6 datasets including both 
types of analyses. Datasets with a significant amount of information derive from both 
the state and federal geological surveys, i.e. Geological Survey of Queensland and 
Geoscience Australia, respectively (Champion et al., 2007; GSQ, pers.comm. 2010), 
a compilation of University of Queensland theses performed by Maria Mostert 
(Mostert, 2012), and unpublished/compiled datasets from researchers (Table 2.1). 
In total, 16,692 analyses were compiled, including 15,160 whole-rock chemical 
analyses (90.8%) and 1,822 geochronological analyses (10.9%). Despite a focus on 
Queensland igneous rocks, 1057 analyses of igneous rocks located in northernmost 
NSW were also included. These correspond principally to Bruce Chappell’s data 
(Chappell, 2010) on the southern part of the New England Orogen (NEO) where 
known HHPGs exist and cross the NSW-QLD border (e.g., Texas-Stanthorpe area). 
2.2.2 Duplicates 
A critical first-step has been to merge the different datasets into a coherent database. 
Data integrity and consistency were identified in this study as major issues; datasets 
commonly had vastly different contents and layouts (i.e. headers, units of 
measurement, typography, etc.), as well as some duplication (7,099 duplicates, Table 
2.1). In this study, significant errors in location information were revealed in the 
major national Ozchem dataset (Champion et al., 2007). Further errors were 
encountered in chemical data (e.g., incorrect Hf and Ta values and missing trace 
elements in the Geological Survey of Queensland (GSQ) whole-rock chemical 
dataset). The compilation task, which was initially considered straightforward, has 
benefited from the duplication of data in different datasets to identify and correct 
errors. Collaboration with Geoscience Australia (GA) and the GSQ has greatly 
assisted this correction effort. 
2.2.3 Data processing 
Once all data were compiled into a single and coherent dataset, inconsistencies 
between duplicates were corrected and further improvements were performed by 
normalising the data to 100% on an anhydrous basis with Fe reported as Fe2O3 total  
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Table 2.1. Major geochemical and geochronological datasets compiled in this study. 
Data source N total 
analyses 
N major 
elements 
N trace 
elements 
N 
geochronology 
Location/Comments 
Ozchem 5472 5458 5157 - Queensland  
GSQchem  8500 8487 8297 - Queensland  
North Queensland 1749 1746 1736 - Queensland  
Bruce Chappell 1272 1272 1272 - New England Orogen (South 
QLD and North NSW) 
Bruce Chappell 12 12 12 - Southwest QLD 
GA-GSQ-Chem 31 31 31 - Queensland 
Anthony Ewart 19 18 18 4 Queensland, Whitsundays 
Islands 
Ozchron 96 - - 96 Queensland  
GSQchron  1006 - - 1006 Queensland  
GA-GSQ-SHRIMP 51 - - 51 Queensland  
NEFB; 
Rod Holcombe 
524 - - 524 East Queensland  
Bennett et al. 
catalogue BMR 
213 - - 213 Queensland 
Withnall, 2009 41 - - 41 Queensland 
Cross et al, 2012 15 - - 15 Bowen area and general 
Queensland 
Scott Bryan 400 395 384 47 Whitsunday Islands, 
Campwyns and Yarrol 
Charlotte Allen 244 242 84 20 Bowen area 
David Gust  1051 961 865 103 Queensland  
Compiled dataset; 
Maria Mostert 
3024 2696 2552 342 Queensland  
This study 102 102 102 27 Southwest QLD; Bowen-
Mackay area 
Total  23791 21420 20510 2489  
Number Duplicates 7099 6260 6199 667  
Compiled dataset  16692 15160 14311 1822  
and calculating geochemical discriminants, such as Eu anomaly, zircon saturation 
temperature (TZrsat) and heat production. Data quality was also assessed to allow 
rapid filtering for good quality data. Data types included in the compiled dataset and 
methods to control data quality are discussed in this section. 
2.2.3.1. Data types 
The compiled dataset comprises two types of data: original data created by the 
collector, analyser or added by the previous compiler and new data generated by this 
study. The generated data are significant and provide more relevant information for 
HHPG exploration (e.g., calculated heat production capacity).  
Overall, the dataset was subdivided into several categories (Table 2.2), including 
sample identification, data source, geographic information/location, province/unit 
name, lithology, composition, geochronological and geochemical information 
(analyses and techniques/methodologies), data quality information and newly 
generated data such as igneous event association, heat production and geochemical 
discriminants. 
Originally, some columns in the previous datasets included long sentences for  
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Table 2.2. Data type included in the compiled dataset. For further information refer to Appendix 2.1 
(legend tab) and text. 
Data type Columns Colour code Original vs Generated data 
Identification A to M Dark grey Principally original data; qualitative information is given as well 
as a compiler Id. 
Data source N to AI Grey Original and generated data 
Analysis type AJ to AL Dark blue Generated data 
Geographical locations 
- Coordinates 
AM to AS Blue Original and generated data; data converted to GDA 94 
Geographical locations 
– Map sheets 
AT to AW Light yellow Original and generated data; missing data were completed doing 
a GIS spatial join. 
Geographical locations 
– Qualitative 
information 
AX to BF Green yellow Original and generated data; Missing strat number (BC), 
suite/subgroup (BE) and supersuite/group (BF) were completed 
using information from 
http://dbforms.ga.gov.au/www/geodx.strat_units.int 
Qualitative age 
information and igneous 
event association 
BG to BI Yellow Original and generated data; Missing information were 
completed using information from 
http://dbforms.ga.gov.au/www/geodx.strat_units.int 
Sample Description BJ to BU Orange Original data reorganised; I/S/A type (BJ) column was 
completed using unit name/suite/supersuite information and 
http://dbforms.ga.gov.au/www/geodx.strat_units.int 
Age analysis BV to CH Pink Original and generated data; data have been reorganised; 
missing information on “data quality-age type” (BY) have been 
completed using dating technique information when possible. 
Geochemical analysis CI to GI Light purple Original and generated data; Most major elements were 
normalised on anhydrous basis with Fe2O3 as FeO total 
Calculated geochemical 
information 
GJ to IF Dark purple Generated data using geochemical information 
Data used in PhD thesis 
Chapter 5 & 6 
IG to IH Aqua Generated data; for data used in Chapter 5 and 6 
Data quality II to IM Teal Generated data using sample description and geochemical 
information, in particular loss on ignition LOI and total volatile 
contents. 
Geographical and 
geological information 
IN to JM Three different 
types of green 
Generated data; completed doing a GIS spatial join. 
sample description, additional age information or chemical information. Such 
information, generally stored in a long sentence description, remain “hidden” to our 
eye, particularly in such a big dataset. These have been subdivided into different 
categories to allow quick visualisation, easy comparison between samples and 
quantification. For example, sample description has been subdivided into 
composition type (mafic/intermediate/silicic and transitional/tholeiitic/alkaline), 
intrusive/extrusive igneous rock, lithology, composition name, mineral attribute (e.g., 
biotite, hornblende, tourmaline), grain-size attribute (e.g., porphyritic, fine, medium 
or coarse-grained), texture/color/other (e.g., seriate, equigranular, foliated, welded, 
banded, miarolitic, pink, etc.), alteration, relationship with other units and crystal-
rich/crystal-poor for extrusive igneous rocks. The terms used derive from the 
description provided in previous datasets and some may correspond to old 
lithological classification (e.g., felsic, acid). Splitting long qualitative descriptions is 
thus an important step to enable quantification of qualitative data (e.g., number of 
intrusive and extrusive rocks).  
Data have been assigned an igneous event association number corresponding to 
recognised major igneous events or time periods in Queensland (focussing on the 
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Phanerozoic), which can then be related to tectonic setting (Table 2.3). The 
subdivision into several tectonomagmatic events was determined based on the 
relative probability of existing geochronology (Figure 2.2) and on known magmatic 
events in Queensland. This igneous event association attribute is crucial to visualize 
and understand the different episodes of granite generation in Queensland. 
Table 2.3. Summary of the main igneous events in Queensland that form the basis for grouping data 
in the compiled database and identifying tectonic associations 
Igneous 
Event 
Time Period (age range) General Composition Province Example 
1 Neoproterozoic 
(~600-540 Ma) 
Basaltic oceanic crust Marlborough (central Queensland) 
2 Cambrian-Ordovician 
(540-450 Ma) 
?Mafic to silicic North and western QLD 
3 Silurian-Early Devonian 
(450-400 Ma) 
Mafic to silicic Lolworth Block, North QLD (Pama 
province), western QLD 
4 Middle Devonian 
(400-380 Ma) 
Silicic to weakly bimodal Yarrol, Mt Morgan, 
Thomson/Drummond 
5 early Late Devonian 
(380-365 Ma) 
Mafic Yarrol-Campwyn, Drummond 
6 Late Devonian-Early 
Carboniferous (365-340 Ma) 
Silicic to weakly bimodal Yarrol-Campwyn, Drummond, North 
Queensland, Roma Shelf 
7 Permo-Carboniferous 
(330-270 Ma) 
Silicic to bimodal in Early 
Permian 
Eastern Queensland (Kennedy-
Connors-Auburn) 
8 Permo-Triassic 
(260-230 Ma) 
Mafic to silicic Eastern Queensland 
9 Late Triassic 
(230-210 Ma) 
Silicic to bimodal Eastern Queensland 
10 Jurassic 
(200-140 Ma) 
Bimodal 
(rare) 
Offshore and Eastern Queensland 
11 Early Cretaceous 
(140-95 Ma) 
Silicic to bimodal Eastern Queensland (Whitsunday) 
12 Late Cretaceous-Tertiary (80-0 
Ma) 
Mafic alkaline intraplate 
(weakly bimodal) 
Eastern Queensland 
 
 
Figure 2.2. Relative probability for igneous rocks in Queensland. N=1822. Numbers refer to the 
igneous event association attribute and additional information on each event can be found in Table 
2.3. Probability density function calculated using Isoplot (Ludwig, 2008). 
Another important addition to the compiled dataset is the heat production capability 
of igneous rocks (Eq. 1.1). Additional calculations to provide source and process-
related information on the igneous rocks are also included. These comprise Alumina 
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Saturation Index (ASI) to distinguish metaluminous and peraluminous compositions 
that was used by Chappell & White (2001) to distinguish I- and S-type granitic rocks, 
Modified Alkali Lime Index (MALI) for differentiating calcic, calc-alkalic, alkali-
calcic and alkali rocks (Frost et al., 2001), Fe number to distinguish ferroan and 
magnesian igneous rocks (Frost et al., 2001), zircon saturation temperature to 
discriminate “hot” and “cold” granites (Watson & Harrison, 1983), ∆Ox, a redox 
classification scheme to determine the oxidation state (Blevin, 2004), Eu/Eu* and 
Rb/Sr to help identifying highly fractionated rocks and other useful chemical 
discriminators such as Th/U, Zr/Hf, Nb/Ta, Mg# and maficity. The contribution of U, 
Th and K2O to the heat-producing capability of the rock has also been calculated 
using equations 2.1, 2.2 and 2.3 respectively. 
Ucontribution (%)  =  (9.52 × U)/(9.52 × U + 2.56 × Th + 3.48 × K2O) [2.1] 
Thcontribution (%)  =  (2.56 × Th)/(9.52 × U + 2.56 × Th + 3.48 × K2O)  [2.2] 
Kcontribution(%)  =  (3.48 × K2O)/(9.52 × U + 2.56 × Th + 3.48 × K2O) [2.3] 
with U and Th in ppm, and K2O in wt%. 
2.2.3.2. Data quality 
As the compiled dataset includes a large number of analyses (~16,000), it is expected 
that some data will contain errors and/or be of poor quality (e.g., altered samples, 
poor analytical precision, limited element analysis). These data have been flagged 
(columns II to IM, Table 2.2) and retained in the compiled dataset. It is important to 
ensure integrity of the database and allow the different datasets to be meaningfully 
combined and compared. Steps to assess data quality included: 
 Identification of altered samples using high Loss on Ignition (LOI) or elevated 
total volatile contents (if no LOI is provided). Analyses with LOI or total volatile 
contents >15, >10, >5, > 2 or <2 were respectively flagged as “Extremely Poor”, 
“Very Poor”, “Poor”, “Satisfactory” or “Good” (Columns IK and IL, Appendix 
2.1). A qualitative sample description on their degree of alteration was also taken 
into account to downgrade a sample status when required. For example, a sample 
with LOI <2, flagged as “Good” was downgraded to “Satisfactory” or “Very 
Poor” if it is described as weathered, altered or strongly altered. Data flagged as 
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“Unknown” do not have LOI, sum of volatiles or qualitative information on their 
degree of alteration. 
 Identification of anomalous chemistry (e.g., SiO2 values <40 wt% or >80 
wt%). Data with anomalous chemistries were flagged as “Anomalous” in column 
II. Chemical elements and their concentration levels from which they are 
considered anomalous are given in column IJ. These anomalous data can be re-
examined using the sample description information and analytical techniques to 
assess the degree of alteration or analytical issues. 
 Identification of poor analytical techniques. A wide variety of techniques have 
been utilised for both major and trace element analyses (e.g., XRF, ICP-MS, ICP-
AES, ICP-OES, INAA, AAS, wet chemistry, fire assays, flame photometry, 
titration) and it is therefore difficult to assess the data quality of the entire dataset. 
Analytical techniques for geochemical analyses are given in columns CJ and CK. 
Information on laboratory, analyser and date of analyses are given in columns CI 
and CL. Data quality on geochronological analyses were assessed by collating 
information on the material dated (e.g., mineral, whole-rock) and technique (e.g., 
K/Ar, U/Pb, Ar/Ar) used to obtain radiometric age information. This is 
particularly important for recognising potential resetting of emplacement ages; 
this is a problem in eastern Queensland for example, where at numerous locations, 
Cretaceous heating has resulted in the partial to complete resetting of the K/Ar 
system, yielding spurious “igneous” ages (e.g., Allen et al., 1998; this study – see 
Chapter 6). Geochronological analyses were also classified based on existing 
geochronological descriptions or analytical technique as either: a magmatic, 
metamorphic, fluid flow, reset, model, depositional or stratigraphic age (Column 
BY).  
 Identification of incomplete analyses. Major element analyses with a total 
content <70 wt% or with a major element oxide missing (e.g., no SiO2 or Fe2O3) 
were not normalised to 100% on an anhydrous basis. This is to avoid generating 
anomalous chemistries. 
 Identification of poor geographic constraints and locations. To ensure 
consistency, all geographic locations were converted to GDA94. Error locations 
between duplicate data were corrected via collaboration with Geoscience 
Australia. Location accuracy available from original datasets was combined into a 
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single column (AS) and provides information on accuracy and method used to 
determine grid coordinates. Samples without coordinates were flagged as “No 
location” in column AS. 
A high quality extract of the dataset (Appendix 2.1 third tabbed page) was generated 
keeping only data flagged as “Good” and “Satisfactory” and data that have been 
normalised to 100% on an anhydrous basis. These were used for geochemical 
interpretation of HHPGs in Queensland and form the basis of figures presented 
below. Despite the abundance of high quality data, over 2000 analyses are of 
unknown quality (no LOI, total volatile content or qualitative description on the 
degree of alteration) and could include a large proportion of good quality analyses. 
2.3 RESULTS – INTERROGATION OF COMPILED DATASET 
2.3.1 Data Quality 
Amongst the 16,692 analyses, 13,252 were considered of good to satisfactory 
quality. Rejected analyses include either poor to extremely poor analyses, data 
flagged as “anomalous” and data of unknown quality. The geographical distribution 
of rejected analyses is random and not specific to an area (Figure 2.3.A). More 
importantly, their distribution generally overlaps with 'good' analyses kept for 
geochemical interpretations. Consequently, no major geological information has 
been lost by removing poor, unknown and anomalous data. Overall, the data included 
in the compiled dataset are of good to moderate quality representing 62.4 and 20%, 
respectively, of the dataset (Figure 2.3.A). In Queensland, radiometric dating has a 
similar geographical distribution to geochemical analyses (Figure 2.3.B). 
Geochronological analyses may include spurious ages such as K-Ar reset ages (Allen 
et al., 1998; Uysal et al., 2001). Data quality for geochronological analyses can thus 
be assessed by determining the analytical techniques used. Amongst all 1822 
geochronological analyses, 53.6% are K-Ar analyses, 15.0% are robust U-Pb 
analyses, 13.1% are Ar-Ar, 10.3% are Rb-Sr and the remaining 8.2% are fission 
track analyses on zircons, Sm-Nd model ages (note these ages rely on many 
assumptions and are not conventional ages, and consequently should be treated with 
caution), Pb-Pb model ages and rare Re-Os ages (Figure 2.3.B). These various 
analytical techniques have been utilised for rock samples from different terranes. For 
example in the Mount Isa Inlier and in the New England Orogen, U-Pb, Ar-Ar, K-Ar  
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Figure 2.3. A. Distribution of good (pink) and rejected (grey) chemical analyses in Queensland; The inset histogram indicates the frequency of analyses of good to very 
poor quality. B. Distribution of geochronological analyses classified by dating technique; The inset histogram indicates the number of analyses from different analytical 
techniques. 
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and Rb-Sr are the main techniques utilised.  
However, in the Georgetown Inlier, K-Ar ages are extremely abundant in comparison 
with other techniques and precaution should be used due to the potential forthermally 
reset ages (Figure 2.3B). In the dataset, only 9 ages amongst the 976 K-Ar analyses 
are clearly recognised and classified as reset ages. This is a very tiny proportion and 
there is a strong possibility that other K-Ar analyses represent reset ages but cannot 
be confirmed without other independent age constraints. Age type other than reset 
ages are mostly of magmatic ages (92.6%). The remaining 5.7% are ages classified 
as unreliable, metamorphic, depositional, deformational, fluid-flow, inherited or 
model ages. 
Amongst all analyses, only 280 analyses did not have grid coordinates. Some of them 
are included in the extracts for high quality analyses and radiometric ages (104 and 
91 analyses respectively). Rb/Sr and Eu/Eu* were both calculated to monitor the 
degree of fractional crystallisation, however only 5% of moderate to good quality 
analyses have Eu/Eu* values while 90% have Rb/Sr values. Rb/Sr is thus 
preferentially used in this Chapter as a fractionation index. 
2.3.2 Presentation of the data included in the database and potential bias 
The compiled dataset includes data from the New England Orogen (NEO) with over 
5000 major element analyses, followed by the North Australian Craton (NAC) with 
~3000 major element analyses, and Thomson and Mossman Orogens with ~1500 
major element analyses each (Figure 2.4A). Data outside these regions are from the 
Texas-Stanthorpe area, at the border between NSW and QLD, and offshore. 
For all these regions, major element analyses are the most abundant, followed by 
trace elements including data with U, Th and K2O, for heat production calculation. 
Geochronological analyses are by far the least abundant with <200 analyses for all 
regions except the NEO, which has ~ 900 age data (Figure 2.4A). 
Intrusive rocks (e.g., granitoids, dykes) are the most abundant for all regions 
representing >50% of the data. The percentage of extrusive igneous rocks ranges 
between 10 to 30%, but a significant proportion of samples, close to 30% for the 
NEO were not distinguished (Figure 2.4B). The compiled dataset is consequently 
skewed towards an elevated number of analyses in the NEO and intrusive igneous 
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Figure 2.4. A. Histogram of data types per tectonic region; B. Percentage of intrusive and extrusive 
rock analyses per tectonic region. Refer to Figure 2.3 for location of geological provinces. 'Others' 
refers to data located outside the geological provinces listed; these include principally data from NSW 
and some located on islands. NAC is North Australian Craton; NEO is New England Orogen. 
rock compositions and ages. 
Compiled analyses were assigned to one of the twelve igneous event associations, 
based on their age, geochemistry and occurrence (Table 2.3). The defined igneous  
event associations focus on Phanerozoic magmatic events, and older Proterozoic 
events have not been differentiated. Such classification highlights the spatial and 
temporal variability of magmatism in Queensland. In particular, it highlights areas of 
superimposed magmatism (e.g., Bowen-Mackay area; Chapters 5 and 6). The 
following describes the occurrence of magmatism in Queensland from the Late 
Proterozoic to Tertiary as indicated by the compiled dataset (Figure 2.5): 
 Proterozoic igneous rocks occur in the NAC (e.g., Mount Isa area, Croydon 
Province and Georgetown Inlier; Figure 2.5). 
 Neoproterozoic to Middle Devonian igneous rocks occur dominantly in the 
Thomson Orogen (Charter Towers, Anakie Inlier and concealed part of the 
Thomson Orogen; Chapter 3) but also in the NAC (Cape York Peninsula). 
 Late-Devonian to Early Carboniferous igneous rocks occur in three crustal 
regions: the NAC (Cape York Peninsula), Thomson Orogen (Georgetown  
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  
Figure 2.5. Igneous event associations in Queensland. For further information on each event refer to 
Table 2.3. The inset histogram provides the number of analyses for each igneous event association. 
 Inlier, Anakie Inlier, Roma Shelf, Drummond Basin) and NEO. 
 Permo-Carboniferous magmatism was widespread and occurred mostly in the 
NEO, Mossman Province, NAC and to a lesser extent, in the Thomson Orogen. 
 Chapter 2 49 
 Permo-Triassic and Late Triassic igneous rocks outcrop dominantly in the 
NEO. Only a small portion has been recognised in the Mossman Orogen (Late 
Permian Cooktown Suite). 
 Jurassic magmatism as described in Table 2.3 is not well-recognised in 
Queensland with only a few analyses located in eastern Queensland. 
 Early Cretaceous magmatism is principally focused on the northern part of the 
NEO with the Whitsunday Volcanic Province (Chapters 5 and 6). A lesser 
amount is located in the southern part of the NEO. 
 Late Cretaceous to Tertiary magmatism has occurred in all provinces (NAC, 
Thomson and Mossman orogens and the NEO) (Figure 2.5).  
Amongst all events, the voluminous Permo-Carboniferous and Permo-Triassic 
magmatic events are the most studied with >4000 and >2500 analyses, respectively 
(Figure 2.5 inset). The Late Cretaceous-Tertiary magmatic event has also been 
substantially sampled and analysed with almost 2000 analyses. On the other hand, 
Neoproterozoic, Early-Late Devonian, and Jurassic magmatic events are poorly 
represented with <50 analyses. The compiled dataset is therefore biased towards the 
high number of analyses in the Permo-Carboniferous and Permo-Triassic events. 
2.3.3 HHP at high silica content – Heat production pattern 
The compiled dataset indicates that a large percentage of igneous rocks in 
Queensland are not high heat-producing (Figure 1.2). Amongst the 10,531 analyses 
with heat production values (from the high quality extract of the compiled dataset), 
only 13.1% and 3.5% have heat production values greater than 5 µWm
-3
 and 
8 µWm
-3
, respectively. The dataset also indicates that HHP igneous rocks in 
Queensland have SiO2 >70 wt%, although not all high-silica igneous rocks are HHP 
(see heat production spectrum in Figure 1.2). The wide range of heat production 
values at high silica content is a common characteristic shared by several igneous 
event associations, with strong patterns for the Proterozoic, Permo-Carboniferous 
and Permo-Triassic igneous rocks (Figure 2.6). The Proterozoic heat production 
spectrum corresponds to a wider silica range (70 to 80 wt% SiO2), whereas it is much 
narrower (75 to 80 wt% SiO2) for the Permo-Carboniferous and Permo-Triassic. 
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2.3.4 HHPGs in Queensland 
Visualisation of the compiled dataset indicates that HHPGs occur in all tectonic 
regions of Queensland (e.g,. NAC, Mossman and Thomson orogens and NEO) and 
are primarily abundant in the Mount Isa Inlier, Etheridge Province (Georgetown
 
Figure 2.6. Heat production spectrum generated at high silica content for selected tectonomagmatic 
events in Queensland. n= number of data. 
Inlier and Cape York Peninsula), Croydon Province, and Texas-Stanthorpe area 
(Figure 2.7.A). Importantly, there is a spatial overlap of HHPGs and LHPGs (Figure 
2.7.B), indicating their heat production differences is not spatially controlled. 
Through the interrogation of the compiled dataset, approximately 30 HHP igneous 
rock suites in Queensland have been identified. A summary of these supersuites and 
their characteristics is listed in Table 2.4 and illustrated in Figure 2.8. The occurrence 
of minor HHP igneous rocks listed in Section 2.3.4 must be considered because they 
are potential geothermal targets for EGS, however, these are not well-represented by 
the compiled dataset and may represent anomalous data or volumetrically small 
bodies/units. These minor HHPGs are therefore not described in this section, but 
their relevance to EGS potential is discussed in Section 2.4.4. 
HHP suites were generated at different time periods in Queensland but principally in 
the Proterozoic, Siluro-Devonian, Permo-Carboniferous and Permo-Triassic. 
Moreover, these suites contain significant sized plutons, ranging from >50 km
2
 for 
the Burstall Suite to >4000 km
2
 for the Stanthorpe Supersuite, and therefore do not 
represent abnormal data or small, highly fractionated bodies such as pegmatite. 
HHPG in Queensland differ in terms of their mineralogy, and particularly in terms of 
the mafic minerals present (Table 2.4). Variations in the mafic mineralogy include: 
 biotite in the Sybella, Esmeralda, O’Briens Creek, Oweenee and Mole 
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Figure 2.7. Igneous rocks in Queensland as a function of their heat-producing capabilities; A. Igneous rocks with heat production > 5 µWm-3), B. Both HHPGs 
and LHPGs. 
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Supersuites, 
 biotite + hornblende in the Burstall, Williams, Wonga, Kalkadoon, Flyspeck, 
Almaden, Ingham, Moonbi, Uralla and Stanthorpe, 
 biotite + muscovite in the Forsayth, Kintore, and Bellenden Ker Supersuites, 
 biotite + muscovite + tourmaline in the Cooktown Supersuite. 
HHPG are also texturally variable (Table 2.4) being either equigranular (e.g., 
Nicholson and Uralla Supersuites), or inequigranular (e.g., porphyritic; Forsayth, 
Cooktown, Sybella, Burstall, Williams and Oweenee Supersuites). In conclusion, 
there is nothing distinctive about the bulk mineralogy and texture of HHPGs. 
In addition to a variety of mineralogies, HHPGs in Queensland can be of different 
ages (principally Proterozoic, Siluro-Devonian, Permo-Carboniferous and Permo-
Triassic; lesser HHPG are of Cambrian to Silurian, Cretaceous and Cenozoic age), 
can be either I-, S- or A- type, and can be metaluminous or peraluminous. HHP 
igneous suites comprise intrusive and/or extrusive rocks. Queensland HHPGs can be 
associated with Sn-mineralisation, but not all HHPG are mineralised. Furthermore, 
Sn-mineralised granites that are not HHP also occur within the same silica range 
(e.g., 70-80 wt% SiO2). Additionally, HHPGs can be either reduced, oxidised or 
exhibit a range from reduced to oxidised (Figure 2.9A), and can have either low or 
elevated TZrsat (Figure 2.9B). Some HHPGs have elevated Rb/Sr ratios, potentially 
suggesting a high degree of fractionation, but many have Rb/Sr <10 (e.g., Mount Isa 
HHPGs) suggesting that enrichment is more likely source-controlled (Figure 2.9C). 
While some HHPG have geochemical indicators reflecting significant fractionation 
in their genesis (e.g., Rb/Sr >10, Eu/Eu* <0.1), extended fractionation is not a 
pervasive feature nor positively correlated with heat production values (Figure 2.9C). 
The above review indicates a substantial variety of HHPG characteristics in 
Queensland. Superficially, no particular characteristic or set of characteristics were 
identified to distinguish HHPG, other than their heat generating capacity. However, 
examination of the extensive igneous database for Queensland compiled here 
establishes some first-order constraints despite large variations in chemistry, age and 
tectonic setting. First, HHPGs have been generated in a few distinct periods, 
principally mid-Proterozoic, Siluro-Devonian, Permo-Carboniferous and Permo- 
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Table 2.4. Characteristics of HHPG suites in Queensland 
Type 
Suite/Supersuite 
name 
Age 
I/S
/A 
TZr 
range 
Rb/Sr 
range 
Heat production range; 
Average +/- stdev1 
Area 
(km2) 
I/E Main 
mineral 
attribut
es 
Tectonic Setting T2DM_Nd 
Other 
characteristics 
Mc Arthur 
Basin 
Nicholson 
Proterozoic 
1850 Ma 
I 800+/-32 0.30-20.7 
1.58-7.83; 4.18+/-1.70 
 
609 I & E Bt, Ms, 
Hb 
 
Extensional? (Post 
Barramundi orogeny);  
-  
Mount Isa 
Kalkadoon 
Proterozoic 
1860 Ma 
I? 802+/-35 0.01-14.2 
0.33-8.38; 2.98+/-1.04 2071 I Bt, Hb Extensional? (Post 
Barramundi orogeny) 
2.52 to 2.33  
Argylla Formation 
Proterozoic 
1780-1760 Ma 
A? 887+/-33 0.03-15.3 
1.11-17.11; 4.24+/-1.36 975 E (& I) Bt, Hb 
Continental rift; extensional 2.38 to 2.27 
Highly 
magnetic 
Wonga 
Proterozoic 
1760 Ma 
I/S 
to 
A 
793+/-56 0.13-21.2 
0.58-15.28; 6.04+/-3.11 97 I Bt, Hb 
Mid-Upper crustal extension 
– Wonga extension event 
-  
Burstall 
Proterozoic 
1740 Ma 
I/S 
to 
A 
736+/-90 0.03-26.6 
0.06-13.31; 6.03+/-3.32 55 I Bt, Hb 
3.53 to 2.42  
Fiery Creek 
Volcanics 
Proterozoic 
1700-1680 Ma 
A? 841+/-54 0.01-22.9 
0.26-5.87; 3.32+/-1.25 372 I & E - Crustal extension – Calvert 
Superbasin 
- Bimodal 
Sybella 
Proterozoic 
1670-1650 Ma 
A? 838+/-54 0.02-58.4 
0.06-15.25; 5.13+/-2.49 821 I Bt 
Sybella extension 2.60 to 2.49  
Tommy Creek 
Proterozoic 
1650-1630 Ma 
A? 850+/-39 0.17-28.3 
1.56-8.85; 4.26+/-1.35 ? I - 
? 2.04  
Williams 
Proterozoic 
1540-1500 Ma 
I/S 
to 
A 
802+/-42 0.07-32.7 
1.46-18.70; 7.34+/-3.33 1719 I Bt, Hb 
Extensional – Late Isan 
Orogeny 
2.27 to 2.19  
Croydon 
Province 
Croydon Volcanic 
Group 
Proterozoic 
1550 Ma 
S 836+/-55 0.53-62.0 
0.89-21.94; 5.24+/-3.11 927 E Gr 
Extensional (Post-orogenic) 
2.19 
Sn associated; 
high carbon 
content; A-type 
chemistry 
Esmeralda 
Proterozoic 
1550 Ma 
S 822+/-51 0.11-23.1 
0.75-10.21; 4.40+/-1.36 517 I Bt, Gr 
2.23 
Etheridge 
Province 
Forsayth 
Proterozoic 
1550-1560 Ma 
S 780+/-51 0.20-14.2 
0.79-22.30; 4.99+/-3.16 548 I Bt, Ms 
Extensional (Post-orogenic) 2.28  
Kintore Siluro-Devonian S 737+/-52 0.03-37.7 0.16-10.56; 2.00+/-1.16 2749 I Bt, Ms 
Intraplate; extensional 
2.20 to 1.98  
Blue Mountains Siluro-Devonian I 803+/-44 0.29-25.4 
2.35-11.02; 5.60+/-2.77 133 I Bt, Hb, 
Ms 
1.96 to 1.84  
Flyspeck Siluro-Devonian I 755+/-39 0.17-9.5 
0.38-12.65; 2.58+/-1.88 447 I Bt, Hb, 
Aln 
2.13 to 2.04  
Data are from Stewart et al. (1992), Bain and Draper (1997), Blake (1997), Passmore and Sivell (1998), Donchak et al. (2007), Phillips et al. (2011), Shaw et al, (2011) and Withnall and Hutton (2013), as well as the compiled dataset. 
Sizes of plutons were estimated using the million-scale geology GIS file from Geoscience Australia (Raymond et al., 2012). Nd isotope data are from Champion (2013); sample descriptions derive from 
http://dbforms.ga.gov.au/www/geodx.strat_units.int. 
1 In bold is the maximum heat production value measured; 
Bt is biotite, Hb is hornblende, Gr is graphite, Grt is garnet, Ms is muscovite, Aln is allanite, Tur is tourmaline, Am is amphibole 
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Table 2.4. (Continued)  
Type Suite/Supersuite 
name 
Age I/S/
A 
TZr 
range 
Rb/Sr 
range 
Heat production range- 
Average +/- stdev 
Area 
(km2) 
I/E Main 
mineral 
attribute
s 
Tectonic Setting T2DM_Nd Other 
characteristics 
Charters 
Towers/ 
Broken River 
Oweenee Early 
Carboniferous 
I 759+/-48 1.50-90.0 2.09-11.02; 4.69+/-2.02 957 I & E Bt Back-arc extensional 
setting 
- Sn, W 
mineralisation 
Hodgkinson 
Province 
Featherbed 
Volcanic Group 
Late 
Carboniferous 
A 796+/-42 0.40-89.2 1.64-15.77; 3.95+/-1.35 912 E - 
Back-arc to intraplate 
setting 
1.74 to 1.53  
Lags Late 
Carboniferous 
A 834+/-31 0.28-56.5 2.47-6.38; 3.87+/-0.82 48 I - 1.51 to 1.27  
Almaden Late 
Carboniferous 
I 743+/-32 0.18-19.5 1.00-6.78; 3.01+/-1.00 70 I Bt, Hb 1.60 to 1.55  
Ingham Late 
Carboniferous 
I 772+/-63 0.01-72.0 0.40-5.21; 2.86+/-1.20 794 I Bt, Hb 1.24  
O’Briens Creek Late 
Carboniferous 
I 772+/-23 0.33-340.0 1.50-15.68; 7.79+/-2.53 1135 I Bt 1.73 to 1.64 Sn, W, Mo and F 
mineralisation 
Ootann Late 
Carboniferous 
I 758+/-38 0.02-98.4 0.01-11.44; 4.06+/-1.55 1675 I Bt, Hb 1.88 to 1.57  
Cooktown Late Permian S 753+/-22 5.09-183.3 1.49-6.97; 4.03+/-1.29 126 I Tur 1.41 to 1.18 epizonal 
Sn associated 
Bellenden Ker Early Permian S 792+/-22 1.25-118.0 1.86-6.74; 3.50+/-1.57 259 I Bt, Ms -  
Texas - 
Stanthorpe 
Hillgrove Early Permian 
> 265 Ma 
S 779+/-53 0.11-15.9 0.24-5.98; 2.37+/-0.99 821 I Bt, Am, 
Grt, Gr 
Back-arc setting; 
(Pre Hunter-Bowen 
Orogeny) 
1.01 to 0.88  
Mole Permo-Triassic 
245 Ma 
I 772+/-18 0.84-1067 2.80-13.82; 7.44+/-2.14 599 I Bt 
Post-orogenic extension; 
(Post Hunter-Bowen 
orogeny) 
- Sn associated; A-
type chemistry 
Moonbi Permo-Triassic 
256 Ma 
I 770+/-19 0.20-59.6 2.15-7.72; 5.01+/-1.09 1383 I Bt, Hb 1.10 to 0.80  
Stanthorpe Permo-Triassic 
245 Ma 
I 769+/-24 0.11-157.7 0.58-14.94; 5.10+/-2.02 4150 I Bt, Hb 0.74 to 0.70 Sn associated 
Uralla Permo-Triassic 
249 Ma 
I 774+/-32 0.18-68.8 1.27-7.18; 3.31+/-1.13 1998 I Bt, Hb 0.99 to 0.85  
Data are from  Stewart et al. (1992), Bain and Draper (1997), Blake (1997), Passmore and Sivell (1998), Donchak et al. (2007), Phillips et al. (2011), Shaw et al, (2011) and Withnall and Hutton (2013), as well as the compiled dataset. 
Sizes of plutons were estimated using the million-scale geology GIS file from Geoscience Australia (Raymond et al., 2012). Nd isotope data are from Champion (2013); sample descriptions derive from 
http://dbforms.ga.gov.au/www/geodx.strat_units.int. 
1 In bold is the maximum heat production value measured; 
Bt is biotite, Hb is hornblende, Gr is graphite, Grt is garnet, Ms is muscovite, Aln is allanite, Tur is tourmaline, Am is amphibole 
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Figure 2.8. HHPG locations in Queensland, from the interrogation of the compiled dataset. A. Overview, B. Mount Isa Province and McArthur Basin; C. Texas-Stanthorpe area; D. North 
Queensland; Geological basemap is from Withnall et al. (2013); For ease of visualisation, a pdf map of the overview (A) is available in Appendix 2.2. 
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Figure 2.9. A. Oxidation state of HHPGs using discrimination diagrams from Blevin (2004); ΔOx= 
log10(Fe2O3/FeO)+0.3+0.03×FeO*, with FeO*=0.9× Fe2O3 +FeO and Fe2O3, FeO and FeO* are in 
wt%; SR is strongly reduced, MR, moderately reduced, MO, moderately oxidised and SO strongly 
oxidised. Samples with Fe2O3 total <2.2 are not representative of their true oxidation state; B. Heat 
production vs zircon saturation temperature; C. Heat production vs Rb/Sr. Only HHP igneous rocks 
with SiO2 >70 wt% and heat production >5 µWm
-3
 are  plotted. 
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Triassic. Second, HHPGs are principally restricted to continental rift environments 
either in intraplate or back-arc/post-orogenic settings. Crustal partial melting is 
promoted in such extensional tectonic environments and thus implies the crustal 
source may exert a control on the high heat-producing characteristics of granitic 
magmas - this point will be explored further in the following chapters. Third, two-
stage Nd-model ages of HHP igneous suites in Queensland indicate they derive 
essentially from the reworking of Proterozoic to Archean crustal materials (Table 
2.4). Fourth, identified HHPG in Queensland are dominantly peraluminous (88%) 
with only 10.5% being metaluminous and 1.5 % peralkaline. Fifth, no correlation 
exists between fractionation indices and heat production indicating that fractional 
crystallisation or high degree of fractional crystallisation are not a primary cause for 
HPE enrichment. Crustal source composition may therefore be exerting a primary 
control on HPE enrichment in the magmas given the variation in source-related 
attributes, such that there is no single or specific crustal source composition 
conducive to generating HHPG.  
2.4 DISCUSSION  
2.4.1 HHPG characteristics in Queensland and globally 
The wide range of HHPG characteristics observed in Queensland is also identified 
globally. In particular, HHPGs are I-, S- or A-type, with respective examples in 
Soultz-sous-Forêts, France (Stussi et al., 2002), Cornwall, England (Chappell & 
Hine, 2006), and the Brandberg Igneous complex in Namibia (Schmitt et al., 2000).  
Worldwide examples of tin-mineralised HHPGs also indicate I-, S- and A-type 
examples, with I-type from the Yunnan Province, China (Cheng & Jingwen, 2010) 
and in Queensland (O’Briens Creek and Stanthorpe supersuites; Champion; 1991),  
S-type Cornwall granites in England (Chappell & Hine, 2006), and Esmeralda, 
Mount Alto and Cooktown supersuites in Queensland (Champion, 1991), and A-type 
in Nigeria (Kinnaird et al., 1985). However, many other HHPGs worldwide are not 
mineralised. 
Proterozoic and Permo-Carboniferous HHPGs are numerous around the globe. 
Proterozoic HHPGs occur in Australia (Mount Isa, Etheridge/Croydon provinces and 
Mount Painter) and in South Africa (Bushveld complex) (Simpson & Hurdley, 1985; 
Blake, 1987; Champion, 1991; Stewart & Blake, 1992; Bain & Draper, 1997; Hand 
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et al., 1999; McLaren et al., 2002; McLaren et al., 2006). Permo-Carboniferous 
examples occur in Portugal, France, UK, Spain, Germany and Australia (Middleton, 
1979a; Charoy & Pollard, 1989; Champion, 1991; Bain & Draper, 1997; Förster et 
al., 1999; Neves et al., 1999; Stussi et al., 2002; Chappell & Hine, 2006; Perez-Soba 
& Villaseca, 2010). These periods of time may have been significant for the 
generation of HHPGs but further studies are needed to establish if there is a direct 
relationship between age and HHPG generation. 
Similar to Queensland, worldwide examples of HHPGs also indicate they are 
generally formed in extensional settings (Section 1.2.4). HHPG characteristics 
observed in Queensland are therefore no different to worldwide HHPGs, suggesting 
that the study of Queensland HHPGs can be extrapolated to a global scale. 
2.4.2 Heat production spectrum - fractional crystallisation versus source control 
Interrogation of the compiled dataset indicates both HHPGs and LHPGs occur in the 
same regions, and were generated at different time periods (Sections 2.3.3 and 2.3.4). 
Consequently, the ubiquitous heat production spectrum at high-silica content (Figure 
1.2 and Figure 2.6) is not spatially or age controlled. To further investigate what 
controls this heat production spectrum, in particular whether it is caused by fractional 
crystallisation or is source controlled, igneous rocks with SiO2 >70 wt% were first 
selected and interrogated, using Eu/Eu* and Rb/Sr as fractionation indices. It must be 
noted, however, that elevated Rb/Sr ratios do not necessarily reflect a high degree of 
fractional crystallisation, and may correspond to a low degree of partial melting from 
a plagioclase-bearing assemblage (Clemens, 1989). Overall, a large proportion of 
igneous rocks with elevated U and Th contents have low Eu/Eu* and elevated Rb/Sr 
characteristics of extensive plagioclase fractionation (Figure 2.10). However, the 
wide range of Th and U contents at low Eu/Eu* and at elevated Rb/Sr values, and the 
occurrence of high Th and U contents at Rb/Sr<10 implies that fractional 
crystallisation does not exert a primary control on HPE enrichment. Additionally, the 
most U-rich igneous rocks do not have the lowest Eu/Eu* and highest Rb/Sr (Figure 
2.10B and D), and at a single Eu/Eu* or Rb/Sr value, there is a wide range of U and 
Th contents. 
To further investigate the role of fractional crystallisation versus source control, 
high-silica (>75 wt%) Permo-Carboniferous igneous rocks (I-, S-, and A-type) are 
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Figure 2.10. Fractional crystallisation indices against U and Th. A. Th vs Eu/Eu*; B. U vs Eu/Eu*; 
C. Th vs Rb/Sr; D. U vs Rb/Sr 
interrogated. Rocks from this event were selected because: 1) a significant amount of 
data exists from this time period in Queensland (>3000 with both heat production 
and Rb/Sr values), 2) they occur in different crustal terranes, and 3) they comprise 
both HHPGs and LHPGs. Figure 2.11.A shows that Permo-Carboniferous HHPGs 
occur predominantly on Precambrian terranes (NAC and Mossman orogens) while 
LHPGs occur largely in Phanerozoic terranes (Thomson and NEO). This observation 
suggests a potential link between heat-producing potential and the age of crustal 
basement. This is further emphasized by existing Sm-Nd isotopic data (Champion, 
2013), which point out elevated two stage model ages (1.1 to 2.0 Ga) for Permo-
Carboniferous igneous rocks from NAC and Mossman orogens, and lower model 
ages (<1.2 Ga) for those from the Thomson, Lachlan and New England Orogens 
(Figure 2.11B, C). Permo-Carboniferous HHPGs were thus generated by recycling 
old crustal materials (>1.1 Ga). 
While it is clear that in the Permo-Carboniferous, HHPGs are only located on 
Proterozoic terranes, there is also an obvious overlap of LHPGs and HHPGs. 
Proterozoic igneous rocks can be both HHP and LHP (Figure 2.6), thus the spatial 
overlap can be explained by the vertical heterogeneities of Proterozoic sources with 
various heat production values.  
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Figure 2.11. A. Permo-Carboniferous HHPGs and LHPGs in relation to crustal terranes; only high-
silica igneous rocks (>75 wt% SiO2) plotted; Extents of the tectonic elements (e.g., Lachlan Orogen) 
are from Glen (2005) and Purdy et al. (2013). B. Permo-Carboniferous igneous rocks for which Sm-
Nd data have been analysed, data are from Champion (2013). C. Two stage model ages (T2DM) vs 
latitude for Permo-Carboniferous igneous rocks in Eastern Australia; Data are from Champion (2013).  
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Champion et al. (2009), however, suggested that only Proterozoic HHPGs have 
elevated production which originate from their source, whereas Permo-Carboniferous 
and Permo-Triassic HHPGs derive from extensive fractional crystallisation. Permo-
Carboniferous HHPGs in eastern Queensland are characterised by elevated Rb/Sr 
(>10) and high fluorine content (>1000 ppm) (Figure 2.12). Elevated fluorine 
contents in granitic systems are known to reduce the viscosity of magmas and 
enhance crystal/melt fractionation (Dingwell, 1988; Bagdassarov et al., 1993; 
Giordano et al., 2004; Kubis & Broska, 2005). While extensive fractional 
crystallisation may have occurred for Permo-Carboniferous HHPGs in the NAC and 
Mossman orogens, their restricted occurrence to Proterozoic crustal basement and 
old model ages implies that source-rock composition is a major control. This is 
supported by the presence of HHPGs in Proterozoic crust in Australia (McLaren et 
al., 2003; McLaren & Powell, 2014). Permo-Carboniferous igneous rocks in 
Queensland therefore reveal that source-rock composition, in this case a Proterozoic 
source pre-enriched in HPE, may play a significant role for HPE enrichment in 
granitic rocks. 
 
Figure 2.12. Chemical characteristics of Permo-Carboniferous high-silica igneous rocks (>75wt% 
SiO2) in Queensland classified by crustal terranes. A. Rb/Sr vs heat production; B. Rb/Sr vs Fluorine. 
2.4.3 I- , S- and A-type HHPGs in Queensland 
Analyses in the compiled dataset were attributed an I-, S- and A-type character using 
the unit name, suite or supersuite information and the stratigraphic unit database of 
Geoscience Australia (http://dbforms.ga.gov.au/www/geodx.strat_units.int; see Table 
2.2). A-type HHP igneous rocks form a tight group characterised by low to moderate 
Rb/Sr ratios (0.1 to 100) and elevated silica content (>60 wt%) (Figure 2.13). Their 
heat production is principally controlled by Th enrichment, with a Th contribution 
between 40 and 60% and a U contribution <50%. In Queensland, A-type igneous 
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Figure 2.13. Heat production vs Rb/Sr, vs SiO2 (wt%), Th contribution and U contribution for QLD 
HHPG, calculated using Eq. 2.1 and 2.2. Number of data points for A- (346), I- (2540) and S-types 
(654). The red line marks the boundaries between LHPGs (below) and HHPGs (above). 
rocks are generally more oxidised in comparison to I- and S-types, and range from 
metaluminous to peraluminous and have elevated zircon saturation temperatures 
reaching 900°C (Figure 2.14). In contrast, I-type HHPGs exhibit a wide range of 
heat production for silica contents between 75 to 80 wt%. U contribution to the heat-
producing capability of I-type HHPGs is more important than Th with a positive 
trend towards elevated heat production (Figure 2.13). I-type HHPGs are globally 
more oxidised than S-types, are metaluminous to peraluminous (generally with ASI 
<1.1), and are characterised by elevated HREE contents (e.g., Y >100 ppm), low 
LREE concentrations (e.g., Ce <100 ppm) and high F contents (up to 5000 ppm) 
(Figure 2.14). Their zircon saturation temperatures are restrictive, ranging from 750 
to 800°C. 
S-type HHP igneous rocks, however, are more heterogeneous. Most S-type HHPGs 
have low Rb/Sr ratios suggesting that HPE enrichment is principally source-
controlled. S-type HHPGs have high-silica content, although the silica range is wider 
for S-type in comparison to I-type. A heat production spectrum does not exist at high 
silica contents as observed for I-type HHP igneous rocks. A significant variation of 
Th and U contributions to heat production is evident (Figure 2.13). S-type HHP 
igneous rocks are also more reduced, peraluminous (ASI >1.1), HREE-poor (e.g., Y), 
LREE-rich and poor (e.g., Ce) and F-poor in contrast to I-type HHPGs (Figure 2.14). 
They also exhibit a wide range of zircon saturation temperatures. The hot S-type 
igneous rocks (~820-910°C) are enriched in Ce (~150-250 ppm) and correspond to 
the S-type HHPGs suites of the Etheridge Province (Forsayth and Kintore
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Figure 2.14. Discrimination parameters for I-, S- and A-type igneous rocks. 
Supersuites) and Croydon Province (Croydon Volcanic Group and Esmeralda 
Supersuite) (Figure 2.8). Despite the wide variety of HHPGs in Queensland (Section 
2.3.4), I-, S- and A-type provides no clarity on HPE enrichment in granitic rocks, and 
reveal that different source rock compositions lead to a variety of HHPG 
characteristics.  
2.4.4 Potential EGS targets 
Engineered Geothermal Systems (EGS) require the presence of buried HHPGs 
overlain by a thick and insulative sedimentary cover. Consequently, an important 
first step towards defining potential EGS targets is to identify HHPGs in proximity to 
sedimentary basins (Figure 2.7). The visualisation of the compiled dataset has 
revealed three important regions where HHPGs occur: Mount Isa, North Queensland 
and Texas-Stanthorpe area (Section 2.3.4). Sedimentary basins located close to those 
areas may thus be prospective for EGS. 
Several potential EGS targets are recognised but additional geothermal exploration,  
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Table 2.5. Potential EGS targets in Queensland listing sedimentary basins, thickness of sediments from, inferred 
HHPG suites, and existing temperature measurements (Holgate & Gerner, 2011).  
Target 
number 
Basin name Thickness 
sediments 
(m)1 
Inferred HHPG Suite at 
depth 
Heat 
production 
range 
Geothermal 
gradient 
Temperature 
at 5 km 
depth (°C) 
High exploration potential 
8 Millungera and 
Carpentaria basins 
300-1100 Williams SS 1.46-18.70 62-77 335-408 
Moderate to high exploration potential 
10 Carpentaria Basin 100-2000 Blue Mountains SS 
Flyspeck SS 
Kintore SS 
2.35-11.02 
0.38-12.65 
0.16-10.56 
- - 
13 Laura Basin 500-2000 Cooktown SS 1.49-6.97 - - 
17 Gilberton, Bundock 
and Clarke River 
basins 
50-1600 Forsayth SS and minor 
HHPGs 
0.79-22.30 - - 
Moderate exploration potential 
4 Carpentaria Basin 0-200 Fiery Creek Volcanics 0.26-5.87 62-71 334-390 
7 Carpentaria Basin 20-200 Williams SS 1.46-18.70 62-77 335-408 
12 Laura Basin 600-5700 Wakooka SS (minor) 
Cape Melville SS (minor) 
3.39-5.78 
2.78-6.12 
26-42 157-235 
32* Gunnedah Basin 700-2000 Moonbi SS 2.15-7.72 26-38 153-215 
Low to moderate exploration potential 
6 Georgina Basin 100-1300 Burstall SS 
Williams SS 
0.06-13.31 
1.46-18.70 
- - 
9 Pascoe River Basin 30-90 Weymouth SS (minor) 1.15-6.41 46-54 254-274 
23 Bowen Basin 500-9800 Mount Ramsay Trachyte 5.40-5.472 23-66 141-356 
25 Mulgidie Basin 300-1000 Scarce HHPGs - 11-49 79-272 
Low exploration potential 
3 Carpentaria Basin 30-60 Nicholson SS 1.58-7.83 62-71 334-390 
5 Georgina Basin 200-700 Sybella SS 0.06-15.25 - - 
11 Laura Basin 60-200 Blue Mountains SS 
Flyspeck SS 
Kintore SS 
2.35-11.02 
0.38-12.65 
0.16-10.56 
26-42 157-235 
14 Carpentaria Basin 250-420 Hodgkinson HHPGs, 
Forsayth SS 
0.01-15.77 
0.79-22.30 
26 154 
15 Carpentaria Basin 400-750 Croydon Province HHPGs 0.75-21.94 - - 
18 Burdekin Basin 50-500 Oweenee SS 2.09-11.02 - - 
19 Galilee Basin 90-520 Amarra SS; Glenroy Mill 
granodiorite (minor HHPGs) 
0.69-8.69 
6.77-9.262 
19 154 
20 Drummond Basin 400-5000 Amarra SS; Glenroy Mill 
granodiorite (minor HHPGs) 
0.69-8.69 
6.77-9.262 
23-32 140-185 
21 Bowen Basin 300-2500 Peak Range Volcanics 
(minor HHPGs) 
0.05-12.13 27 160 
22 Drummond Basin 450-5000 Peak Range and Minerva 
Hills volcanics (minor 
HHPGs) 
0.05-12.13 
0.26-6.14 
19-29 122-170 
24 Surat Basin 250-1500 Scarce HHPGs - 12-36 85-206 
26 Esk Trough 50-500 Woolooga granodiorite 
Kimbula granodiorite 
1.18-5.75 
1.66-5.75 
15 102 
27 Maryborough Basin 500-2300 Scarce HHPGs - 22-25 136-150 
28 Nambour Basin 50-500 Woolooga granodiorite 
Kimbula granodiorite 
1.18-5.75 
1.66-5.75 
13 90 
29* Surat basin 500-1500 Mole SS 2.80-13.82 12 85 
30* Clarence-Moreton 
Basin 
500-4000 Stanthorpe SS 0.58-14.94 17-21 110-129 
31* Surat and Gunnedah 
basins 
1500-2500 Moonbi SS 2.15-7.72 17-27 110-153 
Unknown exploration potential 
1 McArthur basin - Nicholson SS 1.58-7.83 - - 
2 South Nicholson Basin - Nicholson SS 1.58-7.83 - - 
       
16 Inorunie Basin - Croydon Province HHPGs 0.75-21.94 - - 
Target numbers are illustrated in Figure 2.15. Thermal conductivities for a majority of formations within each basin are unknown and a large 
proportion of known values are listed in Table 3.2 (Chapter 3).  
1 interval thickness are determined from OZ SEEBASE (Frogtech, 2005) 2  < 3 heat production analyses available. 
* indicate target numbers located in NSW, but may extend into QLD. SS is Supersuite 
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Figure 2.15. Potential EGS targets in Queensland based on the location of HHPGs and close location 
to sedimentary cover. Numbers are target numbers as listed in the text and in Table 2.5. Additional 
geothermal exploration, including heat flow modelling, is required to confirm these potential targets.  
including the determination of thermal conductivities and heat flow estimates, are 
NSW, which may extend into QLD. Some targets have previously been investigated 
by the Geological Survey of Queensland as part of the Coastal Geothermal Energy 
Initiative (CGEI). Amongst the CGEI targets, the determined surface heat flow in the 
Tertiary Hillsborough Basin, located in the Bowen-Mackay area (Chapter 1) is 
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only71 mWm
-2
 (Talebi et al., 2014). Of significance, the Millungera basin (Target 
n°8), floored by granites from the Williams Supersuite, presents elevated surface heat 
flow values (>110 mWm
-2
) and temperature estimates at 5 km depth (>230°C), 
suggesting it is a potential EGS resource (Talebi et al., 2014). Other CGEI targets 
have indicated low heat flow values (37 to 83 mWm
-2
) and temperature estimates at 
5 km depth (109 to 207°C), suggesting that targets located in southeast Queensland 
(Targets n°25 to 28) have limited EGS potential. This is supported by existing 
subsurface temperature measurements (Holgate & Gerner, 2011). The potential of 
targets in areas characterised by low geothermal gradients have been classified under 
“Low exploration potential” (Table 2.5). Other target areas exhibit a wide range of 
geothermal gradients possibly indicating some spurious temperature measurements 
(e.g., in the Bowen and Mulgidie Basins; targets n°23 and 25). In addition to elevated 
geothermal gradients, EGS requires a thick sedimentary cover, hence targets for 
which the sedimentary cover is <1000 m are considered to have a lower potential.  
Such filtering reduces EGS potential to 12 targets, with one considered of high 
exploration potential (target n°8), 3 of moderate to high potential, 4 of moderate 
exploration potential, and 4 of low to moderate potential. Targets listed as “moderate 
to high potential” are characterised by thick sedimentary cover, however, geothermal 
gradients remain unknown (Table 2.5). Targets with moderate exploration potential 
have a moderate to thick sedimentary cover and moderate to elevated geothermal 
gradients. Those with low to moderate exploration potential, either have thick 
sedimentary cover but no known geothermal gradient (target n°6), or are have scarce 
or small HHPGs (Table 2.5). Targets that have either low geothermal gradients or 
thin sedimentary cover are classified as low exploration potential. 
Many targets with thick sedimentary cover cannot yet be properly assessed due to the 
lack of temperature measurements. These include the McArthur and South Nicholson 
basins (targets n°1 and 2), the Georgina Basin (target n°6), the northeastern part of 
the Carpentaria Basin (target n°10) and the Gilberton, Bundock and Clarke River 
basins (target n°17). These EGS targets should be considered for future geothermal 
exploration studies in Queensland. 
Targets where the inferred presence of HHPGs at depth is overlain by a highly 
conductive sedimentary layer may not be prospective. Sedimentary formations 
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characterised by high thermal conductivities promote efficient heat transfer, resulting 
in low to moderate heat flow values. This is the case for targets n°5 and 6 located on 
the northwestern part of the Georgina Basin with the abundance of dolomite, a highly 
heat conductive material (see Chapter 3).  
This list of potential EGS targets in Queensland (Table 2.5) provides a basis for 
further studies. Future geothermal exploration studies in Queensland are required to 
determine, for each potential target, if the sedimentary sequence is insulative, and if 
HHPGs are effectively buried. Thermal conductivity of the sedimentary cover must 
therefore be determined and geophysical methods such as gravity and existing 
seismic profiles should be considered to identify areas where granites may be buried. 
It is also important to note that areas of known elevated geothermal gradients in 
central Australia are marked by the lack of HHPGs, in contrast to subsurface HHPGs 
intersected at Innamincka. However, Central Australia lacks heat production data due 
to the extensive sedimentary cover and lack of outcrop. Additional heat production 
data on subsurface granitic rocks and investigation on the origin of the temperature 
anomaly in central Queensland are undertaken in Chapter 3. 
2.5 CONCLUSIONS 
The compilation of ~16,000 geochemical and geochronological analyses in 
Queensland has helped identify the location and timing of prolific high heat-
producing magmatism. HHPGs occur principally in Mount Isa, North Queensland 
(Georgetown Inlier and Cape York Peninsula), and in the Texas-Stanthorpe area. 
Importantly, no HHPGs have yet been recognised in southwest Queensland, where 
elevated geothermal gradients are believed to result from the presence of buried 
HHPGs, equivalent to the BLS at Innamincka (Chapter 1). HHPGs in Queensland are 
mostly Proterozoic, Siluro-Devonian, Permo-Carboniferous and Permo-Triassic in 
age. Queensland HHPGs are either I-, S- or A-type, and lack a distinctive major 
mineralogy or textures, and I- or S-types can also be associated with Sn 
mineralisation. A summary of Queensland HHPGs and comparison with worldwide 
HHPG examples reveal that there is nothing particularly distinctive about HHPGs, 
other than their heat-producing potential. The subdivision into I-, S- and A-type 
highlights geochemical characteristics that are specific to each group, and further 
indicates there is no single or specific crustal source material conducive to generating 
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HHPGs. 
A major characteristic that Queensland HHPGs share is their elevated silica content 
(>70 wt%). However, LHPGs also have elevated silica content, yielding a wide range 
of heat production values for igneous rocks with SiO2 >70 wt%. This heat production 
spectrum appears to be at 70-75 wt% SiO2 for S-type and restricted to more silicic 
(>75 wt% SiO2) compositions for I-types. This heat production spectrum features for 
each igneous event indicating the contemporary generation of LHPG and HHPG in 
the same event/region. Interrogation of high-silica (>70 wt% SiO2) igneous rocks 
indicates a lack of correlation between U and Th contents, and typical fractionation 
indices (e.g., Rb/Sr and Eu/Eu*), ruling out a direct control by fractional 
crystallisation. HPE enrichment is thus principally source-controlled. Additionally, 
the examination of both high-silica (>75 wt% SiO2) Permo-Carboniferous LHPGs 
and HHPGs suggest that reworking of pre-enriched HPE Proterozoic crust is a major 
contributor to HPE enrichment. 
Thirty-two potential EGS targets have been listed based on the proximity of HHPGs 
to sedimentary basins. Of those, the Millungera Basin has major potential as 
suggested by recent geothermal investigations by the GSQ (Talebi et al., 2014). 
Another five targets are recognised with thick sedimentary cover and inferred 
presence of HHPGs, but geothermal gradients are unknown. Consequently, these are 
considered prospective and should be considered further. Additional studies 
focussing on new thermal conductivity measurements of the sedimentary cover, 
gravity inversion modelling, 3D thermal modelling, and acquisition of new 
temperature measurement at depth greater than 1 km are required to further 
determine the prospectivity of these EGS targets. 
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*This Chapter is a modified version of the following published paper: Siégel C, Schrank CE, Bryan SE, 
Beardsmore GR & Purdy DJ (2014) Heat-producing crust regulation of subsurface temperatures: A stochastic 
model re-evaluation of the geothermal potential in southwestern Queensland, Australia. Geothermics, 51: 182-
200. 
Chapter 3 Heat-producing crust regulation of 
subsurface temperatures: a 
stochastic model re-evaluation of 
the geothermal potential in 
southwest Queensland.  
3.1 AIM 
Given the apparent absence of HHPGs (at < 5 km depth) beneath large tracts of the 
Oztemp anomaly (see also Chapter 4; Figures 1.4 3.1), an important issue for 
geothermal energy assessment across this region is a critical appraisal of the quality 
of data upon which the temperature map was based. Important issues with the current 
Oztemp map are the use of: 1) linear extrapolations of borehole temperature 
measurements as this may introduce errors because a conductive steady-state 
temperature profile of continental crust must be non-linear in the presence of 
radiogenic material; 2) unreliable, shallow (e.g., < 500 m) temperature measurements 
extrapolated to 5 km depth because shallow temperatures could be affected by 
climatic variations (Blackwell et al., 1980; Bauer & Chapman, 1986; Deming & 
Chapman, 1988; Perry et al., 2006); and 3) temperature extrapolations without 
considering material properties of the intersected lithological formations, in 
particular, thermal conductivity and heat production of the rocks (e.g., Chapman, 
1986). For example, formations characterised by low thermal conductivity 
preferentially trap heat (resulting in high thermal gradients) whereas formations 
characterised by high thermal conductivity favour heat loss (and low thermal 
gradients). Therefore, thermal conductivities and heat production must each be 
considered to properly assess geothermal potential and an improved temperature map 
quantifying the uncertainty of the temperature estimate is needed. 
The aim of this Chapter is to provide an improved understanding of the nature and 
origin of the thermal regime in southwest Queensland as well as a re-assessment of 
the geothermal potential, both of which are crucial for the development of 
* 
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Figure 3.1. Oztemp map with towns and locations referred to in text; after Holgate and Gerner (2011) 
Inset map indicate the outline of the study area; GAS is Great Australian Superbasin; WA, West 
Australia; SA, South Australia; QLD, Queensland; NSW, New South Wales; VIC, Victoria; NT, 
Northern Territory; ACT, Australian Capital territory. 
geothermal energy and to reduce exploration and development costs (Chapter 1). 
This study provides 163 new heat flow data and temperature estimates at 5 km depth. 
A new temperature map at 5 km depth is presented to serve as a guide for more 
focused geothermal exploration efforts. This map is based on stochastic thermal 
modelling, which permits a quantification of uncertainty estimates, and includes new 
thermal conductivity and heat production measurements on subsurface granitic rocks.  
3.2 GEOLOGICAL BACKGROUND 
A large part of the Oztemp anomaly correlates with the extents of the Thomson 
Orogen; a poorly understood tectonic element in eastern Australia that separates 
Precambrian cratonic regions of central Australia from Phanerozoic fold belts 
developed along the eastern margin (Figure 3.2A) (see recent reviews Fergusson & 
Henderson, 2013; Purdy et al., 2013). Through much of its extent, the Thomson 
Orogen is concealed by thick sedimentary cover (Figure 3.2B) and as a result, 
tectonic interpretations are still debated. In particular, the nature of the underlying 
lower crust is disputed with some authors proposing the Thomson Orogen is floored 
by oceanic crust (Harrington, 1974; Glen et al., 2013), whereas others have argued 
that it is Precambrian continental crust (Henderson, 1980; Finlayson, 1990) and 
silicic in composition based on low Bouguer gravity anomalies (O'Reilly & Griffin, 
1990). 
Information on the nature of the Thomson Orogen basement derives from drilling 
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Figure 3.2. Summary of geological features of the study area in southwest Queensland. A. Nature of 
the intersected basement using data from Brown et al. (2012) for Queensland and available 
information from https://sarig.pir.sa.gov.au/Map for South Australia; B. Depth to basement (modified 
after Purdy et al., 2013) and location of new data generated in this study. Purple crosses indicate the 
location for new thermal conductivity and heat production values and grey points correspond to new 
temperature and heat flow data at 5 km depth. 
(Figure 3.2B), outcrops located outside the Oztemp anomaly in the Anakie Inlier and 
Charter Towers area (e.g., Fergusson & Henderson, 2013; Purdy et al., 2013), and 
from geophysical methods such as gravity, magnetic and deep crustal seismic 
transects (Figure 3.3). Across the Oztemp anomaly, ~780 drill holes intersect 
Thomson Orogen-related rocks at 1 to 4 km depth (Brown et al., 2012; Figure 3.2A). 
Information from these holes suggests that the uppermost structural levels are 
primarily composed of low-grade metasedimentary rocks and lesser granitic 
intrusions (~52 intersections) and volcanic rocks (~15 intersections). The thickness 
of the lower crust is revealed by deep crustal seismic transects that indicate the Moho 
is located at ~40 km depth (Finlayson et al., 1990). Along the Brisbane-Eromanga
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Figure 3.3. Available information on basement structure. Image in the bottom hand left corner is the 
C-seismic horizon, corresponding to the top of the Early-Cretaceous Cadna-Owie formation (after 
Figure 5 of Radke, 2009) of the Great Australian Superbasin (Cook et al., 2013). Black lines indicate 
the location of deep crustal seismic transects. Blue contours correspond to Tertiary intraplate volcanic 
fields where xenoliths occur (after O’Reilly and Griffin, 1990). Note that xenoliths are only located on 
the eastern side of the study area. Information on the basement structure of the study area is derived 
primarily from deep crustal seismic transects and seismic horizons (e.g., C-seismic horizon depicted in 
the bottom hand left corner image). GMI is Gidgealpa-Merrimelia-Innamincka, and JNP is Jackson-
Naccowlah-Pepita. 
transect (a ~1100 km long E-W geophysical transect in southern Queensland; Figure 
3.3), the crust is considered to be more silicic to the west based on low magnetization 
and low Bouguer anomalies (O'Reilly & Griffin, 1990). 
Additional information on the nature of the crust derives from the extrapolation of 
xenolith studies in Eastern Australia (O'Reilly & Griffin, 1990) (Figure 3.3), which 
provide information on the nature of the deep crust, and though pressure-temperature 
estimates reveal past geothermal gradients, but also from an exposed crustal profile 
in the Arunta and Musgrave Inliers of Central Australia (Sandiford et al., 2001). 
Within this exposed crustal profile, the abundance of high heat-producing rocks 
varies with depth. Importantly, the crust between 6 and 10 km depth is highly 
enriched in heat-producing elements. For example, the Teapot Granite Complex has 
an estimated heat generation of 5.9 +/-1.7 µWm-3 (Sandiford et al., 2001).  
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The lack of recent magmatic activity and seismicity across the Oztemp anomaly 
suggests that the area is tectonically stable. The youngest known intrusive rocks are 
the Permo-Carboniferous Big Lake Suite granodiorites at Innamincka (Gatehouse et 
al., 1995; Marshall, 2013). Additionally, only twenty-three earthquakes were 
detected in the Queensland part of the Oztemp anomaly during the last century and 
of those, only two are of magnitude greater than 4 (GA Earthquake Database 
http://www.ga.gov.au/earthquakes/searchQuake.do). 
Deep HHPGs serve as a potential reservoir for EGS. Consequently, if appropriate 
drilling targets are to be identified, it is crucial to understand the distribution and 
character of subsurface granitic rocks. Across the Queensland part of the Oztemp 
anomaly, the 52 granitic rocks intersected in drill holes are distributed 
heterogeneously (Figure 3.2A) and vary in composition from syenogranite to 
monzogranite, from I- to S-type, and from fresh (LOL Stormhill 1) to strongly 
altered (DIO Wolgolla 1) (Murray, 1994b). The small amount of available data 
indicates low heat production (<5 µWm-3) (Champion et al., 2007) and crystallisation 
ages from 400 to 860 Ma, with two clusters at ~420 to 430 Ma southeast of 
Innamincka and ~470 Ma near Longreach (Webb et al., 1963; Webb & McDougall, 
1968; Galloway & 1970; Murray, 1986; Schmedje & Forder, 1986; Moore, 1987; 
Draper, 2006). 
In contrast, the adjacent Big Lake Suite intrusions that are the focus of EGS 
development in Australia have emplacement ages of ~310 to 330 Ma (Gatehouse et 
al., 1995; Marshall, 2013) and higher heat production values (~7 to 9.7 µWm-3) 
(Middleton, 1979a). 
East of the Oztemp anomaly, in the Roma Shelf area (north and south of Roma, 
Figures 3.1 and 3.2B) intrusive rocks are extensive below sedimentary cover. These 
are known as the “Roma Granites” (Murray, 1994) and have emplacement ages 
ranging from 320 to 350 Ma (Webb et al., 1963; Hamilton, 1966; Harding, 1969) but 
lack geochemical data from which to calculate heat production values.  
High thermal resistance due to thick and/or low conductive sedimentary blanketing 
can effectively trap heat (e.g., a thick formation enriched in low conductive materials 
such as coal and shale) (Mildren & Sandiford, 1995) and is thus another key 
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parameter for EGS exploration. In central western Queensland, episodes of repeated 
basin subsidence and sediment accumulation have occurred since the early Paleozoic 
resulting in a series of stacked basins (Figure 2.1) and sediment thicknesses up to 
4 km (Figure 3.2B) (e.g., west of Bayrick and beneath the Cooper Basin). Major 
basin systems include: 1) the Devonian Adavale Basin, Warrabin Trough and 
Barrolka Trough, 2) the Late Devonian-Early Carboniferous Drummond Basin, 3) 
the mid Carboniferous to mid Triassic Galilee Basin, 4) the early Permian to mid 
Triassic Cooper Basin, and 5) the very extensive Jurassic to Cretaceous Eromanga 
and Surat basins, components of the Great Australian Superbasin (Cook et al., 2013). 
3.3 METHODOLOGY  
3.3.1 Approach and Limits 
To re-evaluate the geothermal potential in western Queensland, heat transfer 
mechanisms across the intersected lithological formations must be evaluated. In the 
continental crust, conductive heat transfer is the main mechanism by which heat 
escapes (e.g., Beardsmore & Cull, 2001). Most geothermal studies assessing surface 
heat flow assume dominantly vertical conduction (Ricard & Chanu, 2013 and 
references therein), and in this study, this assumption is adopted. However, if thick, 
permeable sedimentary sequences are present, advection and convection can affect 
heat transfer in the continental crust significantly, as shown for example, in the Perth 
Basin, WA (Sheldon et al., 2012; Schilling et al., 2013). Previous studies have used a 
wide range of methods to estimate heat flow, depending on the quality, quantity and 
type of data available. These include methods based on thermal conductivity and 
temperature gradient measurements such as linear and non-linear Bullard plots, 
aquifer temperature methods and methods based on an empirical relationship such as 
geochemical methods (reservoir temperature and heat flow relationship), and 
relationship between heat flow and heat production, continental/oceanic age, seismic 
data and electrical conductivity (Bullard, 1939; Hamza & Muñoz, 1996; Beardsmore 
& Cull, 2001). While the most direct methods to determine the surface heat flow are 
based on the product of thermal conductivity and temperature gradient, other 
methods such as inversion methods, assume a set of thermal conductivity 
characteristics and determine a heat flow value to minimise error between modelled 
and observed temperature profiles (Matthews, 2009; Kirkby & Gerner, 2010; Korsch 
et al., 2011). In this study the latter approach is used. 
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The model is applied to 163 wells in the study area (~1300 km x 850 km; Figure 
3.2B), in which temperature, thermal conductivity and heat production data were 
recorded (more details in Section 3.3.2). A conductive temperature profile for each 
well to best fit the observed temperature measurements, is calculated using a one-
dimensional inversion model. Subsequently, the temperature is extrapolated to a 
depth of 5 km as detailed below. Table 3.1 provides the list of parameters used in 
thermal modelling. 
Table 3.1. Nomenclature 
Symbol Parameter 
K Thermal Conductivity [Wm-1K-1] 
A Heat Production [µWm-3] 
T Temperature [°C] 
TB Temperature at 5 km depth [°C] 
z Depth [m] 
zB Depth of the bottom of the layer [m] 
zT Depth equivalent to 5 km [m] 
C1 and C2 Constants derived from integration 
Q Heat Flow [mWm-2] 
QB Heat flow at the bottom of the layer [mWm
-2] 
QT Heat flow at 5 km depth [mWm
-2] 
Δε Mean squared temperature error 
Δε’ Derivative of the mean squared temperature error 
Pj(QTj/ Δεj) Point Pj with attribute QTj and Δεj used to determine coefficients of the quadratic function 
N Number of observed temperatures 
Ti Measured temperature at a given depth [°C] 
ti Predicted temperature at a given depth [°C] 
TT Estimated temperature at 5 km depth [°C] 
ΔTi Difference between measured and predicted  temperature at a given depth [°C] 
Kb Bulk thermal conductivity [Wm-1K-1] 
Km Matrix conductivity [Wm-1K-1] 
ϕ Porosity [Vol. %] 
K(25) Thermal conductivity at 25°C [Wm-1K-1] 
TB∞ True formation temperature [°C] 
TB(t) temperature at the bottom of the hole at a particular time [°C] 
tc circulation time [s] 
te time elapsed since the fluids circulated [s] 
C slope determined by the BHT measurements 
CU Bulk rock concentration of Uranium [ppm] 
CTh Bulk rock concentration of Thorium [ppm] 
CK2O Bulk rock concentration of Potassium oxide [wt%] 
ρ Density [kgm-3] 
The approach follows a modified version of Chapman (1986), with a different choice 
of boundary conditions. Like Chapman (1986), a thermal steady state is assumed and 
each well is treated as a 1D multi-layer diffusion problem. In the study area, most 
temperature data are located at a depth >1 km, with very few data towards the 
surface of the Earth. The deeper temperature data are judged to be more reliable than 
the estimated surface temperature. Therefore, the temperature profiles are calculated 
stepwise from bottom to top rather than top to bottom as in Chapman (1986). 
Constant material properties are assumed in each layer. The only source term is 
radiogenic heat production. Conductive heat transfer through a single layer with a 
constant source term is described by the following ordinary differential equation 
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(Chapman, 1986), also called Poisson’s equation: 
𝐾 
𝑑2𝑇
𝑑𝑧2
= −𝐴 [3.1] 
where K is the thermal conductivity [Wm
-1
K
-1
], T is the temperature [°C], z denotes 
depth [m], and A is the volumetric heat production (µWm-3). Integrating Eq. 3.1 
twice yields the temperature profile, a quadratic function: 
K T(z) =  −
1
2
Az2 +  zC1 + C2 [3.2] 
where C1 and C2 denote the integration constants. Because heat production is 
constant in the layer under consideration, the constants of this 1D equation can be 
solved for with the following boundary conditions: 
Q(z=zB) = QB 
T(z=zB) = TB [3.3] 
where zB denotes the vertical position of the layer bottom, QB is heat flow at the layer 
bottom, and TB is temperature at the bottom. Thus, the temperature profile in the 
layer is: 
T(z) =  −
A
2K
 (z2 + zB
2) +  z
QB+AzB
K
+ TB − 
zBQB
K
  [3.4] 
The temperature profile through a multi-layer stack can now be computed easily by a 
piecewise (i.e., layer by layer) upward propagation of Eq. 3.4 with updated material 
properties and bottom temperature as well as heat flow. In other words, the 
temperature and heat flow at a layer interface are calculated for the lower layer with 
Eq. 3.4. They serve as starting parameters for the temperature profile in the overlying 
layer, which is also calculated with Eq. 3.4 using updated material properties. This 
procedure requires that the temperature and heat flow at the bottom (or top) of the 
stack are known.  
In this study, the temperature TT and heat flow QT at a depth of zT = 5 km, for each 
well, were estimated. No well in the study area has penetrated the crust to this depth, 
and the maximum well depth is 3.9 km (PPC Lissoy 1). However, for each well, the 
number of intersected formations and their respective thicknesses, conductivities and 
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heat production rates are known or can be estimated (see Section 3.3.2 for discussion 
of material properties and their derivation) to a certain depth zC  < zT.  Well logs also 
provide often sparse temperature measurements, which provide an estimated true 
formation temperature when corrected (see Section 3.3.2.3 for a discussion of 
temperature methods and corrections). Assuming that the material between the 
deepest observation in the well and zT remains identical, TT and QT can be inverted 
by minimising the mean squared temperature error of the calculated temperature 
profile (Figure 3.4): 
Δε =  ∑
(Ti−ti)2
N
N
i=1   [3.5] 
where N denotes the number of actual temperature observations in the well, Ti is the 
measured temperature at a given depth, and ti is the predicted temperature at that 
depth. For a given QT, it is straightforward to calculate the best-fit TT. 
Eq. 3.4 indicates that the choice of the initial TB controls the position of the 
temperature profile (it is a simple summand) and thermal conductivity controls the 
shape of the temperature profile (it affects the slope of the linear part of Eq. 3.4). A 
change of TT would therefore simply shift the temperature profile by its magnitude 
along the temperature axis (Figure 3.4). Thus, TT can be computed by minimising the 
mean squared temperature error (Figure 3.4): 
Δε =  ∑
(Ti−(ti+X))2
N
N
i=1   [3.6] 
and with ΔTi = (Ti – ti): 
Δε =  X2  − 
2
N
X ∑ ΔTiNi=1 + 
1
N
 ∑ ΔTi2Ni=1   [3.7] 
Eq. 3.7 has the minimum: 
Δε′ = 2X −
2
N
 ∑ ΔTi = 0Ni=1   [3.8] 
Therefore, the following solution for TT is obtained:  
X =  ∑
ΔTi
N
N
i=1    [3.9] 
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Figure 3.4. Schematic model to determine heat flow at 5 km depth. A. Modelled temperature profile 
using observed temperatures (stars) and a constant thermal conductivity. It must be noted that this 
temperature profile is a simple illustration and will vary with depth depending on thermal conductivity 
variations of the sedimentary cover. ΔT is the difference between observed and modelled temperature. 
TT is the shift of the temperature profile from 0 to the best fit TT (refer to text). B. The mean square 
temperature error (Δε ) is a quadratic function of  heat flow at 5 km QT (Eq. 3.11) and is used to 
determine the best fit TT. The best fit QT corresponds to the smaller mean squared errors (Δε’ = 0), 
i.e., the lowest point of the quadratic function. TT is computed using QT and Eq. 3.9. 
The minimised square temperature error can hence be expressed using Eq. 3.7 and 
3.9: 
Δε =  ∑
(Ti−(ti+∑
ΔTi
N
N
i=1 ))
2
N
N
i=1   [3.10] 
This procedure requires that QT is known, which is not the case. Eq. 3.10 shows that 
Δε is a quadratic function of QT: 
f(QT) =  Δε = aQT
2 +  bQT +  c  [3.11] 
Given three points, Pj(QTj/ Δεj), the coefficients a, b and c of this quadratic function 
can be calculated empirically and the best fit QT determined by minimisation. Thus, 
both the best-fit temperature profile and the respective temperature and heat flow at 
5 km depth are determined in a three step process for any given well: first, three 
arbitrary QT are assumed (0, 50, and 100 µWm
-3
). For each one, the corresponding 
best-fit TT and its mean squared temperature error are calculated analytically with 
Eqs. 3.9 and 3.10. This yields the desired three pairs of QT and Δε data needed to 
calculate the coefficients of Eq. 3.11. The best-fit QT is simply the minimum of 
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Eq. 3.11: -b(2a)
-1
. In the third step, the corresponding TT is computed for the best-fit 
QT with Eq. 3.9. 
This method has been applied to 163 wells within and outside the recognised Oztemp 
anomaly in Queensland. Wells were selected according to the following criteria: 1) 
geographical location to provide sufficient spatial coverage for data interpolation 
maps; and 2) quantity and quality of available information; e.g., lithological 
descriptions, reliable temperature measurements (Horner and/or DST). 
3.3.2 Input parameters 
3.3.2.1. Stratigraphy 
The stratigraphy of the basins must be taken into account for determining the 
material properties of intersected sedimentary formations. The stratigraphy for each 
well was established using the most recent stratigraphic constraints (Cook et al., 
2013; Fergusson & Henderson, 2013; Withnall & Hutton, 2013) and information 
from well completion reports and an unpublished compiled database from the 
Geological Survey of Queensland. The general stratigraphy for each basin is reported 
in Table 3.2. Additional details for each well are available in Appendix 3.1. 
 
Table 3.2. Summary of stratigraphy encountered in the study area, listing the sedimentary formations for each 
basin, their stratigraphic age, approximate thickness range and estimated and measured thermal conductivities. 
Formation Name Formation Age 
Thickness range (m) 
Estimated 
thermal 
conductivity 
(Wm-1K-1) 
na 
Measured 
thermal 
conductivity 
(Wm-1K-1) 
(RSDd) 
na 
Thermal 
conductivity 
References 
All wells 
This 
study 
(na=163) 
Surface Deposits Quaternary - 2-247 2.30±2.00b - - - - 
Tertiary Volcanics Tertiary - 10-44 1.73±0.21c - - - - 
Eromanga Basin 
Winton Formation Late Cretaceous 16-1030 34-1166 2.78±0.22 3 1.48±0.06 (04) 2 b 
Mackunda 
Formation 
Early Cretaceous 31-1030 34-257 2.90±0.14 3 1.35±0.25 (19) 1 b 
Allaru Mudstone Early Cretaceous 2-453 31-360 2.52±0.51 3 1.39±0.32 (23) 10 a; b; d; f 
Toolebuc Formation Early Cretaceous 1-23 1-173 2.48±0.51 3 1.06±0.29 (27) 4 e; f 
Walumbilla 
Formation 
Early Cretaceous 0.1-1552 23-499 2.51±0.46 7 1.43±0.42 (29) 22 a; d; e; f 
Cadna-Owie 
Formation 
Early Cretaceous 3-1090 26-267 3.03±0.33 4 1.86±0.23 (12) 6 a; b; c 
Hooray Sandstone 
Late Jurassic-
Early Cretaceous 
13-462 38-211 3.10±0.42 4 2.59±0.74 (29) 2 e; d 
Westbourne 
Formation 
Late Jurassic 4-3273 3-382 3.31±0.66 7 2.92±0.91 (31) 10 b; c; e; d 
Adori Sandstone Late Jurassic 2-126 5-119 3.48±0.91 4 4.63±0.35 (8) 2 b 
Birkhead Formation Middle Jurassic 3-451 10-148 2.28±0.68 4 3.90±1.28 (33) 9 a; b 
Hutton Sandstone Middle Jurassic 1-680 11-294 3.27±0.46 7 4.67±0.83 (18) 14 a; b; c 
Poolowanna 
Formation 
Early Jurassic 4-371 10-220 3.28±0.55 3 3.94±2.11 (54) 4 b 
Precipice Sandstone Early Jurassic 1-1447 4-122 3.94±1.38 3 - - - 
Surat Basin         
Griman Creek 
Formation 
Early Cretaceous 13-397 167-307 2.78±0.22 3 - - - 
Surat Siltstone Early Cretaceous 14-391 97-155 2.90±0.07 3 - - - 
Walumbilla 
Formation 
Early Cretaceous 0.1-1552 23-499 2.51±0.46 7 - - - 
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Table 3.2. (continued) 
Formation Name Formation Age 
Thickness range (m) 
Estimated 
thermal 
conductivity 
(Wm-1K-1) 
na 
Measured 
thermal 
conductivity 
(Wm-1K-1) 
(RSDd) 
na 
Thermal 
conductivity 
References 
All wells 
This 
study 
(na=163) 
Eromanga Basin (Suite) 
Bungil Formation Early Cretaceous 1-702 35-287 3.25±0.29 3 - - - 
Mooga Sandstone Late Jurassic –  Early Cretaceous 5-902 33-310 3.33±0.29 3 - - - 
Orallo Formation Late Jurassic 4-385 101-266 3.40±0.18 3 
1.99±0.16 
(08) 
7 e 
Gubberamunda 
Sandstone 
Late Jurassic 7-488 35-259 3.65±0.06 3 
2.58±0.17 
(07) 
1 e 
Westbourne 
Formation 
Late Jurassic 4-3273 3-382 3.05±0.24 7 - - - 
Springbok 
Sandstone 
Middle Jurassic 2-338 25-112 3.56±0.24 3 - - - 
Walloon Coal 
Measures 
Middle Jurassic 31-861 114-446 2.82±0.16 3 - - - 
Eurombah 
Formation 
Middle Jurassic 3-337 25-79 3.49±0.11 3 - - - 
Hutton Sandstone Middle Jurassic 1-680 11-294 3.30±0.21 7 
4.67±0.83 
(18) 
14 a; b; c 
Evergreen 
Formation – 
Upper unit 
Early Jurassic 10-271 15-181 2.85±0.13 3 - - - 
Boxvale 
Sandstone 
Early Jurassic 1-129 1-81 3.26±0.68 3 - - - 
Evergreen 
Formation – 
Lower unit 
Early Jurassic 2-127 19-195 3.16±0.13 3 - - - 
Precipice 
Sandstone 
Late Triassic – Early Jurassic 1-1447 4-122 3.94±1.38 3 - - - 
Cooper Basin         
Nappamerri Group Late Permian –  Middle Triassic 3-494 23-460 3.11±0.18 3 
3.42±1.11 
(32) 
9 a; b; c 
G
id
g
ea
lp
a 
G
ro
u
p
 
Toolachee 
Formation 
Middle – Late Permian 3-367 8-145 2.70±0.74 3 
2.93±1.32 
(45) 
11 a; b; c 
Daralingie 
Formation 
Early Permian 6-96 8-96 2.42±0.27 3 
2.80±1.19 
(43) 
8 b; c 
Roseneath 
Shale 
Early – Middle Permian 2-183 3-98 2.45±0.46 3 
1.90±0.40 
(21) 
4 a; b; c 
Epsilon 
Formation 
Early Permian 2-265 5-90 2.46±0.72 3 
2.44±1.55 
(64) 
5 a; b; c 
Murteree 
Shale 
Early Permian 3-521 4-59 2.63±1.00 3 
2.59±0.85 
(33) 
4 a; b 
Patchawarra 
Formation 
Early Permian 1-404 3-383 2.61±0.91 3 
3.62±1.61 
(44) 
11 a; b; c 
Tirrawarra 
sandstone 
Early Permian 31-88 33-40 5.14±0.80 3 
3.95±1.07 
(27) 
6 b; c 
Merrimelia 
Formation 
Early Permian 9-201 9-70 3.21±0.58 3 
3.60±0.86 
(24) 
6 a; b; c 
Galilee Basin         
Moolayember 
Formation 
Late Triassic 2-1063 9-602 2.94±0.59 4 - - - 
Warang Sandstone Early – Middle Triassic 394 149 3.57±1.35 3 - - - 
Betts Creek Beds Late Permian 21-215 111-253 2.65±0.96 3 - - - 
Clematis 
Sandstone 
Early – Middle Triassic 4-581 1-190 3.45±0.32 4 - - - 
Rewan Group Late Permian – Early Triassic 2-1302 43-591 2.87±0.15 3 - - - 
Bandanna 
Formation 
Late Permian 1-1036 12-818 2.88±0.54 4 - - - 
B
ac
k
 C
re
ek
 G
ro
u
p
 
Black Alley 
Shale 
Late Permian 5-373 11-191 3.43±1.00 3 
1.73±0.23 
(13) 
2 g 
Peawaddy 
Formation 
Late Permian 5-349 21-188 3.03±0.25 3 
Catherine 
Sandstone 
Middle Permian 2-178 27-131 3.88±0.90 3 
Ingelara 
Formation 
Late Permian 10-309 32-173 2.96±0.25 3 
Freitag 
Formation 
Late Permian 
4-214 17-127 3.76±1.04 3 
Aldebaran 
Formation 
Early – Middle Permian 11-908 183-1086 3.98±0.92 3 
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Table 3.2. (Continued) 
Formation Name Formation Age 
Thickness range 
(m) 
Estimated 
thermal 
conductivity 
(Wm-1K-1) 
na 
Measured 
thermal 
conductivity 
(Wm-1K-1) 
(RSDd) 
na 
Thermal 
conductivity 
References 
All 
wells 
This 
study 
(na=163) 
Galilee Basin (Suite) 
Cattle Creek 
Formation 
Early Permian 17-891 85-829 3.11±0.22 3 - - - 
Reids Dome Beds Early Permian 
63-
1263 
26-667 2.80±0.49 3 - - - 
Colinlea 
Sandstone 
Late Permian 2-966 13-91 3.72±0.15 3 - - - 
Aramac Coal 
Measures 
Early Permian 18-333 18-232 3.29±0.44 3 - - - 
Jochmus 
Formation – 
Upper unit 
Late Carboniferous – 
Early Permian 
287 17-319 3.71±1.04 4 - - - 
Eddie Tuff 
Member 
Early Permian 85-125 21-125 3.38±1.41 3 - - - 
Jochmus 
Formation – 
Lower unit 
Late Carboniferous – 
Early Permian 
341-
400 
12-341 3.06±0.33 3 - - - 
Jericho Formation 
– Upper unit 
Late Carboniferous – 
Early Permian 
200 63-400 2.98±0.57 3 - - - 
Oakleigh Siltstone 
Member 
Late Carboniferous – 
Early Permian 
46-167 69-167 2.62±0.79 3 - - - 
Jericho Formation 
– Lower unit 
Late Carboniferous – 
Early Permian 
- 126-386 3.03±0.48 3 - - - 
Lake Galilee 
Sandstone 
Late Carboniferous – 
Early Permian 
287 85-287 4.21±0.53 3 - - - 
Drummond Basin         
Ducabrook 
Formation 
Early Carboniferous 12-43 1025 3.59 1 - - - 
Natal Formation Early Carboniferous 
206-
384 
385 2.85 1 - - - 
Bulliwallah 
Formation 
Early Carboniferous 43-657 656 3.02 1 - - - 
Star of Hope 
Formation 
Early Carboniferous 
377-
890 
890 3.24 1 - - - 
Raymond 
Formation 
Early Carboniferous 
264-
417 
417 3.05 1 - - - 
Scartwater 
Formation 
Early Carboniferous 441 442 3.08 1 - - - 
Saint Annes 
Formation 
Late Devonian – 
Early Carboniferous 
214 214 3.47 1 - - - 
Ukalunka Beds Early Devonian - 395 3.04 1 - - - 
Adavale Basin 
Buckabie 
Formation 
Late Devonian – 
Early Carboniferous 
37-
1743 
8-1251 3.21±0.17 3 - - - 
Etonvale 
Formation 
Middle Devonian 12-704 5-415 3.52±1.04 3 - - - 
Cooladdi 
Formation 
Middle Devonian 6-64 16 4.15±0.19 3 - - - 
Lissoy Sandstone Middle Devonian 31-53 44 3.90±0.86 3 - - - 
Bury Limestone Middle Devonian 
217-
328 
253-301 3.01±0.63 3 - - - 
Log Creek 
Formation 
Middle Devonian 59-263 317-657 3.28±0.36 3 - - - 
Georgina Basin 
Toko Group Ordovician - 
220-
1190 
3.84±0.70 3 - - - 
Cockroach Group 
Late Cambrian  – 
Early Ordovician 
- 
146-
1135 
4.03±0.46 3 - - - 
Narpa Group 
Early – Late 
Cambrian 
- 
209-
1283 
3.19±0.78 3 - - - 
Shadow Group 
Middle Cambrian – 
Proterozoic 
- 7-513 3.57±0.57 3 - - - 
a: Gallagher (1987); b: Hot Dry Rocks Pty Ltd (2011); c: Weber and Kirkby (2011); d: Brown et al. (2012); e: Faulkner et al. (2012); f: 
Fitzell et al. (2012); g: Troup et al. (2012). 
a n is the number of samples. 
b Surface deposits are considered as typical sediments (from Beardsmore and Cull, 2001; refer to Appendix 3.1). 
c Tertiary volcanics are considered as basalt (from Beardsmore and Cull, 2001; refer to Appendix 3.1). 
d RSD is relative standard deviation. 
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3.3.2.2. Thermal conductivities 
Surface heat flow is a function of thermal conductivity (Fourier, 1822). Thermal 
conductivity of a rock depends on several physical parameters such as lithology, 
porosity, pore fluids, temperature, the nature and proportion of its constituents and its 
microstructure (e.g., Birch & Clark, 1940; Cermak & Rybach, 1982; Gallagher, 
1987; Zoth & Haenel, 1988; Clauser & Huenges, 1995; Vosteen & Schellschmidt, 
2003). More generally, thermal conductivity of rock is controlled by the 
conductivities of its constituents, which are temperature-dependent, the proportions 
of its constituents, and their spatial arrangement, i.e., the microstructure. To calculate 
the effective thermal conductivity of a polyphase rock, various mixture theories can 
be employed (Berryman, 1995). The general range of thermal conductivities for 
geomaterials covers about one order of magnitude, with values from ~0.2 Wm
-1
K
-1
 
for coal, to ~5.5 Wm
-1
K
-1
 for dolomite and quartzite (Beardsmore & Cull, 2001). 
Porosity is important because pores usually contain materials of lower conductivity 
than the solid components of rocks, for example, fluids or air. For example, in 
sandstone, the thermal conductivity ranges from ~2.3 to 6 Wm
-1
K
-1
 for > 25% and 
0% porosity, respectively (Gallagher, 1987). Hence, porosity must be considered 
when estimating the thermal conductivity of a sedimentary formation. Generally, 
porosity decreases with depth because of compaction, resulting in an increase of 
thermal conductivity with depth (e.g., Falvey & Middleton, 1981; Cull & Conley, 
1983; Yorath & Hyndman, 1983). Conversely, thermal conductivities of solids 
generally decrease non-linearly with increasing temperature (Birch & Clark, 1940; 
Vosteen & Schellschmidt, 2003), thus counteracting the compaction effects. The 
temperature effect is relevant in areas where the temperature varies significantly (for 
most crystalline rocks, a decrease of ca. 10 to 50% occurs from 0°C to about 300°C, 
Seipold 1998). Lithology, porosity and temperature should therefore be taken into 
account when estimating thermal conductivity for thermal modelling. 
To limit the uncertainty of thermal conductivity for a particular formation, thermal 
conductivity measurements of representative samples are desirable. In general, 
thermal conductivity measurements are preferred within single wells to determine the 
surface heat flow. Samples are selected for different lithologies within the section 
and used in association with knowledge of the relative percentage of those 
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lithologies. However, the selection of a representative sample can be difficult due to 
large vertical lithological variations within some formations, and because not all 
lithologies within a formation have always been sampled (Meixner et al., 2012). A 
review of publically available data for the studied area indicates a generally large 
standard deviation for the measured thermal conductivity (Table 3.2). For example, 
amongst twenty-five measured average thermal conductivity values, nine have a 
relative standard deviation > 30%, with a maximum of 64% for the Early Permian 
Epsilon Formation (Cooper Basin). Additionally, thermal conductivity measurements 
are not available for all sedimentary formations encountered in southwest 
Queensland. Available thermal conductivity measurements are concentrated for 
formations within the Eromanga and Cooper basins, but data are sparse for the Surat 
Basin, and none have been reported from the Galilee, Drummond, Adavale and 
Georgina basins. The available measurements are thus not necessarily representative 
(Meixner et al., 2012).  
This study is at a regional scale and therefore it is desirable to use representative 
thermal conductivities for each formation. Thermal conductivities are estimated for 
all formations encountered in this study, using an average thermal conductivity for a 
particular lithology, correcting for porosity and saturation when information is 
available and also correcting for temperature. Methods to estimate the average 
thermal conductivity of a formation include the  use of: geophysical logs (Yorath & 
Hyndman, 1983; Goutorbe et al., 2006); a compaction model based on the concept of 
loss of porosity with depth (Falvey & Middleton, 1981; Cull & Conley, 1983; Yorath 
& Hyndman, 1983); lithological descriptions and applying corrections for 
temperature, porosity and nature of the saturants (Beardsmore, 2004). In this study, 
the approach of Beardsmore (2004) is adopted. To account for lithological variation 
within a sedimentary formation, detailed lithological descriptions (based on reports 
of ditch cutting and core compositions) for three wells were used to estimate an 
arithmetic mean thermal conductivity (i.e., and upper-bound estimate, e.g., Maze and 
Wagner 2009) and a standard deviation. For formations where lithological 
proportions were reported in comparative terms, the following was used to convert to 
percentage: “dominant” = 80%; “minor” = 20%; “occasional” or “grading” or 
“contains” = 10%; “very minor” = 5%, “rare” or “trace” = 1% and “interbedded” = 
equal proportions (Beardsmore, 2004). The effect of porosity and volumetric 
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percentage of the nature of saturants (oil, gas, of water) on the bulk thermal 
conductivity, when available, were corrected using the geometric mean model (Eq. 
3.11; Gallagher, 1987). 
Kb = (Km)
1−∅ (Ks)
∅  [3.11] 
where Kb is the bulk thermal conductivity, Km the matrix conductivity and ϕ is the 
porosity. 
The matrix conductivities were taken from Beardsmore and Cull (2001). In cases 
where no porosity information was available, the thermal conductivity was estimated 
using average lithological values (Beardsmore & Cull, 2001). Where the nature of 
the saturants was unknown, the formations were assumed to be 100% water 
saturated. 
Once a mean thermal conductivity was estimated for a formation, it was 
subsequently corrected for temperature. Several empirical relationships have been 
proposed for the temperature dependence of thermal conductivity (Birch & Clark, 
1940; Zoth & Haenel, 1988; Buntebarth, 1991). The empirical relationship proposed 
by Birch and Clark (1940) was successfully tested by Sass et al. (1992) on an 
independent dataset. This correction was adopted here:  
K(T) =  
K(0)
1.007+T (0.0036−
0.0072
K(0)
)
  [3.12] 
where: K(0) =  K(25) [1.007 + 25 (0.0037 −
0.0074
K(25)
)] 
The temperature (T) for the mean depth of a sedimentary formation interval is 
determined by linear interpolation of all reliable temperature measurements from 
each well. Further details on the calculations undertaken to estimate the thermal 
conductivities are available in Appendices 3.1 and 3.2. 
Eight new thermal conductivity measurements on granitic rock sampled from drill 
cores were performed for this study and are reported in Table 3.3 and discussed in 
Section 3.4.2. For each sample, two or three thermal conductivity measurements 
were undertaken at room temperature (25ºC) along the core axis of each sample 
using a steady state divided bar apparatus. The instrument was calibrated for the 
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range of thermal conductivity 0.4-12 Wm
-1
K
-1
. Three cylindrical specimens (each 
specimen 1/3 to 1/2 its diameter in thickness) of each granitic sample were cut, 
ground flat and polished to a standardized flatness and grit (except for the TEP 
Jandowae West 1 sample, from which only two specimens could be prepared). The 
specimens were evacuated under vacuum for a minimum of three hours, then 
submerged in water and subsequently returned to atmospheric pressure. Water 
saturation continued under atmospheric pressure for a minimum of sixteen hours, 
prior to conductivity measurement. Thermal conductivity measurements reported in 
Table 3.3 correspond to the harmonic mean (i.e., the lower-bound estimate) and 
standard deviation of the analyses performed on the 2-3 measurements. Granitic 
intrusions in the study area rarely display the same degree of vertical lithological 
variation as sedimentary units. That is, granites are typically more homogeneous with 
depth, and thus thermal conductivity measurements of the granitic bodies are 
considered regionally representative. 
Table 3.3. Summary of analysed granites in this study, listing their location, lithological 
characteristics, modal mineralogy, and measured thermal conductivities. 
Sample Depth 
(m) 
Description Modal Mineralogy Thermal 
conductivity  
 Q AF Pl Ms Bt Hb (W/mK) 
DIO Wolgolla 1 2040.4-
2041.7 
Altered, leucocratic, coarse-
grained, porphyritic, 
muscovite-biotite S-type 
monzogranite 
35 30 30 3 2  3.55+/-0.07 
TEA Roseneath 1 2192-
2196 
Pale grey, medium-grained, 
leucocratic, biotite-muscovite 
S-type monzogranite; cut by 
black veins 
35 28 30 5 2  3.70+/-0.06 
AOD Budgerygar 1 1621.5-
1622.4 
Grey, medium-grained, 
equigranular, hornblende-
biotite I-type monzogranite 
30 25 25  10 10 3.30+/-0.09 
LOL Stormhill 1 1552-
1553 
Pale grey, medium-grained, 
equigranular, biotite I-type 
monzogranite 
30 40 25  5  3.40+/-0.04 
AOP Balfour 1 1693-
1695 
Red, fine-grained, 
equigranular, I-type tonalite; 
Enclaves and calcite veins 
30  40   30 2.90+/-0.16 
TEP Jandowae 
West 1 
467-
468 
Pale grey, medium-grained, 
equigranular, hornblende-
biotite I-type quartz 
monzodiorite 
10 10 45  15 20 2.51+/-0.24 
Javel 2* 1146-
1176 
Pale grey to pink, coarse-
grained, porphyritic, biotite-
muscovite S-type 
monzogranite 
30 40 20 2 8  3.68+/-0.19 
PGA Bradley 1 890.6-
894.4 
Red, medium-grained, 
porphyritic, biotite I-type 
monzogranite 
30 30 35  5  3.55+/-0.05 
* Upper granite 
Q is Quartz, AF is Alkali Feldspar, Pl is plagioclase, Ms is Muscovite, Bt is Biotite and Hb is Hornblende 
3.3.2.3. Temperature 
Fourier’s first law (1822) shows that heat flow depends as much on the geothermal 
 86 Chapter 3 
gradient as thermal conductivity. Temperatures recorded by the petroleum industry 
are usually of two types: Bottom hole temperature measurements (BHTs) acquired 
near the bottom of the hole during geophysical logging, and temperature of the 
reservoir fluids measured during Drill Stem Tests (DST). 
It is well recognised that BHTs are recorded under transient thermal conditions. 
BHTs are primarily affected by the cooling effect of the circulating drilling fluids 
and thus generally underestimate the true formation temperature by ~10°C (e.g., 
Bullard, 1947; Jaeger, 1961; Pirson, 1963; Kappelmeyer & Haenel, 1974; Middleton, 
1979b; Deming & Chapman, 1988; Deming, 1989; Hermanrud et al., 1990; Goutorbe 
et al., 2007). BHT measurements should therefore be corrected before a geothermal 
assessment is undertaken. To estimate the true formation temperature, a wide-range 
of corrections have been proposed in the literature, including numerical simulators 
and models (Luheshi, 1983; Espinosa-Paredes et al., 2010; Wong-Loya et al., 2012), 
and empirical methods such as the Horner technique, the spherical and radial heat 
flow method and the cylindrical heat source method (Lachenbruch & Brewer, 1959; 
Dowdle & Cobb, 1975; Middleton, 1979b, 1982; Deming, 1989; Andaverde et al., 
2005; Goutorbe et al., 2007; Kutasov & Eppelbaum, 2010). The Horner correction 
method (Lachenbruch & Brewer, 1959; Dowdle & Cobb, 1975) is the most utilised 
technique to estimate the true formation temperature (Kutasov & Eppelbaum, 2009 
and references therein). Existing BHT measurements in the study area were corrected 
using this technique. The Horner correction method requires the use of at least two, 
but ideally three or more, BHT measurements at similar depth and different shut-in 
times, i.e., at a different time after the circulation of the fluids. A summary of this 
method is available from Chapman et al. (1984). The recorded temperature at the 
bottom of the hole (TB) depends on the time (t) elapsed since the circulation of the 
fluids ceased: 
TB(t) =  TB∞ + C log (
tc+te
te
)  [3.13] 
where TB(t) is the temperature at the bottom of the hole at a particular time, TB∞ the 
true formation temperature, C is a constant, tc is the circulation time and te is the time 
elapsed since the fluids circulated. 
The true formation temperature TB∞ is determined by plotting the available BHT 
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measurements in the following plot: log (
tc+te
te
)  vs TB(t). The intercept of the best-fit 
regression line of slope C with the y-axis gives the true formation temperature TB∞. 
DST temperatures are generally more reliable, less variable and require no specific 
correction (Förster et al., 1997). DSTs record the temperature of fluids extracted 
from the borehole walls. They are considered to be at equilibrium with the 
surrounding rocks and represent true formation temperatures (Perrier & Raiga-
Clemenceau, 1984; Blackwell & Spafford, 1987). However, any potential cooling 
effect of gas expansion into the well must be considered as the recorded temperature 
will underestimate the true formation temperature under those circumstances 
(Beardsmore, 2004). This effect is most likely to occur when gas is the dominant 
fluid type within the formation. 
The available subsurface temperature measurements in southwest Queensland have 
been compiled into the single Oztemp dataset (Holgate & Gerner, 2011). Overall, the 
spatial distribution of the data is not homogeneous and the quality of individual data 
points is not always high. The number of temperature measurements within 
individual boreholes is generally very limited with only 383 wells amongst 5442 
wells in Australia having more than two reliable temperature measurements at depth 
(>1 km). Additionally, the quality of the data is yet to be fully evaluated (Meixner et 
al., 2012). A comparison of the Oztemp dataset with individual well completion 
reports has identified discrepancies in temperature data (e.g., measured temperature 
and/or depth of measured temperature or data not recorded) for ten wells amongst the 
163 wells studied (Table 3.4). Such errors can be significant, and for 
CON Lynwood 1 (25°35‘25‘‘E and 143°31‘36‘‘E), a difference of 31°C/km in the 
calculated average thermal gradient was discovered (70°C/km using Oztemp data 
versus 39°C/km from data in the well completion report). To ensure data quality, 
each temperature datum used in this study was systematically cross-checked against 
the well completion reports.  
Generally, several temperature measurements are available at different depths and 
are used to predict the “best-fit” temperature profile. In total, for the 163 wells, 464 
temperature measurements were used for thermal modelling. These are listed in 
Appendix 3.2. Amongst the 163 wells, 75 wells have both DST and Horner-corrected 
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Table 3.4. List of temperature measurement discrepancies between original data derived from well 
completion reports and the compiled database Oztemp from Holgate and Gerner (2011). 
Well Name Depth (m) WCR T (°C) WCR Depth (m) Oztemp T (°C) Oztemp Method 
AOG Ferrett 1 1581 71 2017.78 71 DST 
UOD Condamine 1 1394 49 1528.6 60.6 DST 
OMN Scotia 2 2901 108 2774 100 DST 
PPC Waggaba 1 766 43 1 1 DST 
PPC Waggaba 1 994 43 1 1 DST 
PPC Waggaba 1 1104 49 1 1 DST 
PPC Waggaba 1 1152 49 1 1 DST 
HEP Toobunyah 1 2 2 1219.2 97.2 Horner 
SSL Clinton 1 2980 160 2804.2 146.66 DST 
SSL Clinton 1 2918 154 2743.8 146.66 DST 
CON Lynwood 1 2480 122 1371.6 121.67 Horner 
DIO Challum 4 2352 128 2351.53 79.86 DST 
SSL Juno 2 2825 149 2825.5 156.66 Horner 
LEA Bodalla South 3 1715 101 1715 107.8 Horner 
1 Depth and temperature measurement available in well completion report but not listed in Oztemp. 
2 Depth and temperature measurement listed in Oztemp but not available in well completion report. 
data, 33 wells have DST, 50 have Horner data, 4 are uncorrected BHT and 1 is 
unknown. 
The mean surface temperature in the area is considered homogeneous at 25°C 
consistent with a previous study of the thermal state of the Cooper Basin 
(Beardsmore, 2004). The impact of variation in mean surface temperature was tested 
with the stochastic approach, and it was found that the estimated temperature at 5 km 
depth only varied by 1°C for a 13°C change at the surface. 
3.3.2.4. Heat Production 
Heat production rates for basement granites are calculated using Eq. 1.1. Heat 
production of each sedimentary formation was considered constant with a value of 
1.87 µWm-3, based on average U, Th and K concentrations from Kamber et al. 
(2005) (Table 3.5). This value was determined for the volcanogenic Rolling Downs 
Group of the GAS and may only be applicable to this particular formation. However, 
previous studies have also used values of this order for sedimentary rocks. For 
example, in Queensland a value of 1 µWm-3 was used for sedimentary rocks in the 
Millungera and Eromanga basin (Korsch et al., 2011) and 1.2 and 1.4 µWm-3 for the 
Eromanga and Cooper basins, respectively (Meixner et al., 2012). The adopted value 
of 1.87 µWm-3 represents an upper-bound estimate and thus leads to a more 
conservative estimate of heat flow contributed by radiogenic granitic rock. 
Concentrations of U, Th and K for ten intersected granitic rocks are available from 
Champion et al. (2007) and the late BW Chappell (unpublished data). They indicate 
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Table 3.5. Key chemical characteristics and heat production values of basement granites from 
southwest Queensland, sedimentary cover, other type of basement rocks and crustal materials  
Lithology SiO2 (wt%) U (ppm) Th (ppm) K2O (wt%) Heat 
production 
(µW/m3)* 
Data sources 
Sediments 65.9 3.27 13.06 1.77 1.87 Kamber et al., 2005 
Felsic igneous rocks - - - - 2.50 Meixner et al., 2012 
Other basement rocks - - - - 1.70 Meixner et al., 2012 
Granites       
DIO Wolgolla 1 77.1 5.13 22.55 3.79 3.17 This study 
TEA Roseneath 1 77.7 6.41 9.08 4.76 2.67 This study 
AOD Budgerygar 1 65.5 3.42 9.35 2.25 1.70 This study 
LOL Stormhill 1 77.2 5.29 16.34 4.71 2.88 This study 
AOP Balfour 1 64.8 1.82 8.98 2.14 1.27 This study 
TEP Jandowae West 1 61.0 1.35 3.80 1.64 0.75 This study 
Javel 2** 76.6 10.70 10.13 4.52 3.80 This study 
PGA Bradley 1 73.0 6.87 36.46 7.18 4.87 This study 
Upper Continental Crust 66.6 2.7 10.5 2.8 1.65 Rudnick&Gao, 2003 
Middle Continental Crust 63.5 1.3 6.5 2.3 0.98 Rudnick&Gao, 2003 
Lower Continental Crust 53.4 0.2 1.2 0.61 0.19 Rudnick&Gao, 2003 
Average Continental Crust 60.6 1.3 5.6 1.81 0.87 Rudnick&Gao, 2003 
Big Lake Suite - 16.5 74 6.0 9.74 Middleton, 1979 
* A density of 2.5 is used for the calculation 
** Upper granite 
heat production values are low, ranging from 1.8 to 4.2 µWm-3. New measurements 
(Table 3.5) on an additional 8 samples confirm a low to medium heat production 
capacity of intersected granitic rocks in southwest Queensland. 
Where available, measured values for granite heat production were applied. 
Otherwise a heat production value of 2.5 µWm-3 was used, as estimated by Meixner 
et al. (2012) using available whole-rock chemistry of Australian granites (Champion 
et al., 2007). Heat production for other types of basement rocks was considered to be 
1.7 µWm-3(Meixner et al., 2012), using global upper crustal averages of U, Th and K 
concentrations (Rudnick & Gao, 2003). 
3.3.3 Stochastic Approach 
Measured or estimated values of thermal conductivity, temperature and heat 
production are affected by a wide range of parameters, the poor knowledge of which 
limits the capability of determining accurate values of heat flow. Moreover, 
insufficient sampling across the regional study area imposes a fundamental 
uncertainty of material properties and temperature data. It is therefore important to 
consider the impact of variance in these parameters on the uncertainty of the 
calculated heat flow and extrapolated temperature at 5 km depth (Figure 3.5). 
Previous geothermal studies have used a stochastic or Monte-Carlo approach to 
characterise the uncertainty of the calculated output (e.g., Srivastava & Singh, 1999; 
Ferrero & Gallagher, 2002; Srivastava, 2005; Meixner et al., 2012). The value of 
such approaches has been pointed out by Korsch et al. (2011) who modelled heat 
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Figure 3.5. Schematic diagram illustrating the use of the stochastic approach. The uncertainties of 
three parameters: temperature (T), thermal conductivity (K) and heat production (A), have been 
considered to determine the uncertainties of the calculated heat flow (Q) and temperature at 5 km 
depth. The perturbations were performed randomly using a Gaussian distribution for temperature and 
heat production, and a lognormal distribution for thermal conductivity. 
flow in the Millungera basin using nine different scenarios and found calculated heat 
flow variation of up to 20 mWm
-2
. This large uncertainty associated with the 
estimation of thermal conductivity and the type of temperature correction justifies the 
use of a Monte-Carlo approach, which has been adopted here. 
The following parameters are considered as main sources for uncertainty in the 
temperature estimates: thermal conductivity, volumetric heat production and 
temperature measurements. Hence, these parameters are perturbed in the models 
according to a specific probability density function. For each well, 1000 realisations 
with randomly perturbed input parameters were calculated. For temperature and heat 
production, a normal distribution is employed with a standard deviation of 1.5 ºC and 
0.5 µWm-3, respectively (Figure 3.5). The temperature and heat production estimates 
obtained from the wells and the laboratory were used as means (Appendix 3.2). The 
probability distribution used for the thermal conductivity is assumed to be lognormal 
as suggested by the compilation of existing thermal conductivity data (Meixner et al., 
2012). The mean and standard deviation for the lognormal distribution of thermal 
conductivities are those that have been estimated and reported in Table 3.2. For the 
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global model, all three parameters (heat production, thermal conductivity and 
temperature) are perturbed. 
To examine which parameter uncertainties have the largest effect on heat flow 
estimates, a well with particularly well-constrained temperature measurements (DIO 
Macadama 1) was selected, and simulations of all 8 possible permutations (keeping 
none, one, or more parameters fixed while perturbing the others) were performed. 
The results are presented and discussed in Section 3.4.3. 
3.3.4 Interpolation techniques 
For visualisation of the results (Appendix 3.3) on a map, Inverse Distance Weighting 
(IDW) was used for interpolation. More sophisticated interpolation methods such as 
kriging require that the data are normally distributed (which is not the case here), and 
are thus not applicable. However, it must be noted that interpolations do not 
represent geostatistically thorough predictions. 
3.4 RESULTS  
The results of the stochastic thermal model, i.e., temperature and heat flow estimates 
at 5 km depth can be found in Appendix 3.3. 
3.4.1 Heat production 
The intrusive rocks sampled in this study range from leucocratic monzogranite to 
tonalite and monzodiorite and include both S- and I-type compositions (Table 3.5). 
Heat production values estimated for these rocks range from 0.75 to 4.87 µWm-3. 
Granite in TEP Jandowae West 1, located close to Brisbane and well east of the 
temperature anomaly has the lowest heat production value while granite intersected 
in PGA Bradley 1, located outside the Oztemp anomaly to the west has the highest 
value. Most granites analysed here have heat production values greater than the 
upper continental crust. However, this enrichment is significantly lower than that 
observed for the Big Lake Suite granodiorites (Table 3.5) and confirms the lack of 
HHPG intersected in drill cores across the Oztemp anomaly area. 
3.4.2 Thermal conductivity measurements 
New thermal conductivity measurements on eight granitic samples range from 2.5 to 
3.7 Wm
-1
K
-1
 and are within the range of published values for similar granite 
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lithologies (Zoth & Haenel, 1988). Granitic rocks generally exhibit low porosities 
(Clauser & Huenges, 1995); therefore, the variation of thermal conductivity mainly 
depends on mineralogy. The low bulk thermal conductivity (2.5 Wm
-1
K
-1
) of the 
more mafic (monzodiorite) intrusion (TEP Jandowae West 1) is explained by the 
high abundance of plagioclase (45 vol%) that is a low conductivity phase 
(~2.1 Wm
-1
K
-1
), and the low abundance of highly conductive quartz (10 vol%; 
>6 Wm
-1
K
-1
)  (Table 3.5) (Clauser & Huenges, 1995). 
3.4.3 Stochastic modelling: the effect of input parameter on uncertainty 
Eight simulations were undertaken using DIO Macadama 1 (chosen because of best 
temperature constraints) to examine the influence of input parameters on the 
calculated heat flow and temperature at 5 km depth (Figure 3.6). The eight 
simulations represent all possible permutations of perturbed versus fixed input 
parameters. Simulations 1, 4, 6 and 8 all include thermal conductivity as a variable 
parameter. These simulations display a wide range of uncertainty (up to 25 mWm
-2
 
and 20ºC) suggesting that thermal conductivity has the strongest influence on 
estimated heat flow and temperature, in agreement with, for example, Meixner et al. 
(2012). Simulations 2, 3, 5 and 7, for which thermal conductivity is fixed, exhibit 
small variability of less than 5 mWm
-2
 and 5ºC at 5 km depth, and a higher median 
than simulations 1,4, 6 and 8. The differences in median calculated heat flow and 
median temperature between those two groups of simulations are up to 10-15 mWm
-2
 
and 5ºC respectively. Thermal conductivity is thus a crucial parameter that needs to 
be carefully constrained to minimise the uncertainty of heat flow and deep 
temperature determination. 
3.4.4 Stochastic modelling: the effect of the perturbation distribution 
The stochastic model discussed in Section 3.4.3 suggests that the predicted 
temperature and heat flow at 5 km depth vary widely depending on thermal 
conductivity data (Figure 3.6). The question arises as to which degree the choice of 
the perturbation distribution for thermal conductivity affects the model predictions? 
In the simulations described below, a lognormal distribution, based on the statistical 
evaluation of existing material data for the region, was employed (Meixner et al., 
2012). To obtain a conservative estimate of the impact of the choice of perturbation 
function, a simulation was run in which a uniform probability distribution with 
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Figure 3.6. Control of input parameters (thermal conductivity, heat production and temperature) on 
heat flow and temperature determinations at 5 km depth. A. Range of estimated heat flow (mWm
-2
) at 
5 km depth. B. Range of estimated temperature (ºC) at 5 km depth. Simulation 1: Temperature and 
heat production are fixed, thermal conductivity varies; Simulation 2: thermal conductivity and 
temperature are fixed, heat production varies; Simulation 3: thermal conductivity and heat production 
are fixed, temperature varies; Simulation 4: temperature is fixed, thermal conductivity and heat 
production vary; Simulation 5: Thermal conductivity is fixed, temperature and heat production vary; 
Simulation 6: Heat production is fixed, thermal conductivity and temperature vary; Simulation 7: 
Thermal conductivity, heat production and temperature are fixed; Simulation 8: Thermal conductivity, 
heat production and temperature vary. The widest range of uncertainties is observed when thermal 
conductivity data are perturbed (simulations 1, 4, 6 and 8). 
bounds 0.1 to 5 Wm
-1
K
-1
 was used. This is equivalent to assuming that no a-priori 
knowledge of thermal conductivity exists except for lower and upper bounds. One 
thousand model realisations were run keeping temperature and heat production fixed 
because these two parameters have a negligible effect on the results. The results are 
illustrated in Figure 3.7G, H. The results indicate an uncertainty of ~±20% for 
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Figure 3.7. Results of stochastic thermal modelling. A and B, Median estimated temperature and heat 
flow map at 5 km depth, respectively. C and D, First quartile (25%) estimated temperature and heat 
flow maps at 5 km depth, respectively. E and F, Third quartile (75%) estimated temperature and heat 
flow maps at 5 km depth, respectively. G and H, estimated temperature and heat flow maps at 5 km 
depth, respectively, using a uniform distribution of thermal conductivity within the interval 0.1 to 5 
Wm
-1
K
-1
 and fixed heat production and temperature data. 
temperature estimation at 5 km depth and a significantly underestimated heat flow 
(~-40%) using a uniform distribution of thermal conductivity and fixing the other 
parameters. However, this result is unlikely to represent the natural case because 
material properties with lower and upper bounds thermal conductivity values are 
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rare. A-priori knowledge of thermal conductivities is therefore useful and must be 
considered in any quantitative heat flow determinations. It is also interesting to note 
that a strong SW-NE trend of lower heat flow is reproduced (Figure 3.7H). 
3.4.5 New temperature and heat flow map at 5 km depth 
The new predicted temperature map for 5 km depth (Figures 3.7A, 3.8B) has 
significant differences compared to the Oztemp temperature map of Gerner and 
Holgate (2010). The regional extent of the Oztemp anomaly is much smaller and has 
a prominent SW-NE corridor of elevated (200-250°C) temperatures (Figures 3.7A, 
3.8B). Only scattered anomalous temperatures are now predicted north of the Roma 
Shelf and in the Georgina Basin. 
A lower heat flow zone (Figures 3.7B, 3.8A) with values ranging from 80 to 100 
mWm
-2
 is observed between domains with heat flow > 100 mWm
-2
 and is oriented 
along a SW-NE trend. This trend parallels, and is adjacent to, the high temperature 
trend described above. While the data points are clustered along this trend, the 
contouring SW-NE pattern persists when interpolating more evenly distributed data 
points over a smaller area (25º20‘0‘‘E - 27º10‘0‘‘E and 141º2‘0‘‘E - 144º2‘0‘‘E), 
Therefore the contouring trends are not directly affected by the distribution of the 
data points.  
First quartile and third quartile maps, which correspond to 25% and 75% cumulative  
probability, respectively, (Figure 3.7C to F) are very similar in terms of spatial 
distribution, confirming the SW-NE trend. The quartile maps provide an upper and 
lower bound for the estimated temperature and heat flow at 5 km depth, indicating an 
uncertainty due to material properties of ~±10% for both parameters. Globally, areas 
with elevated heat flow at 5 km depth are also characterised by high temperature at 
5km depth. An exception occurs towards the Galilee Basin (Figure 3.7A and B) 
where heat flow is high (~100 mWm
-2
) and temperatures generally lower (three 
temperature measurements below 170°C). Such differences may result from changes 
in thermal conductivity of the sedimentary cover, with higher thermal conductivities 
(e.g., average sedimentary pile conductivity > 2.75 Wm
-1
K
-1
) towards the Galilee 
Basin (Figure 3.9). 
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Figure 3.8.A. New heat flow map at 5 km depth. B. New temperature map at 5 km depth. Both A and 
B derive from a different visualisation from Figures 3.7B and A, respectively. C. Previous 
temperature map at 5 km depth – Oztemp, after Holgate and Gerner (2011). 
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Figure 3.9. Average thermal conductivity (measurement unit) of the sedimentary cover. Areas of high 
heat flow and lower temperatures at 5 km correspond to areas with higher thermal conductivity of the 
sedimentary sequence (e.g., towards the Galilee Basin). 
 
3.5 DISCUSSION 
Several key points should be addressed when interpreting the data and their 
implications as well as model limitations. First, the validity of the model assumptions 
is examined. Subsequently, top down and bottom up effects, which may cause high 
heat flow, are discussed, followed by the spatial heat flow distribution and trends.  
3.5.1 Validity of modelling assumption: Convection, Advection or Transient 
Heat Transfer 
Poor agreement between observed temperature profiles and those predicted from 1D 
conductive heat flow models may indicate non-conductive heat transfer (e.g., Reid et 
al., 2012), such as convection, and/or advection, or transient heat transfer, or 
geometrical effects due to, for example, significant lateral gradients of topography, 
formation thickness, and material properties. The results indicate that the mean 
temperature error is generally low (≤ 10°C, and in > 50% of the map it is < 5°C, 
Figure 3.10A, B). In other words, the model error is of the order of the uncertainty 
imposed by poorly constrained material properties and that of the actual down-hole 
temperature measurements. Mean errors between 10 and 23°C occur only locally and 
may indicate areas, which should be reassessed for their thermal transport processes. 
However, 1D steady-state conduction generally predicts the temperature data well at 
the regional scale (Figure 3.10A, B). 
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Figure 3.10. Reliability of the temperature and heat flow maps. A Mean Temperature error map; B 
Histogram of mean temperature errors. The majority of the wells studied have small mean temperature 
errors that suggest that the assumption of 1D steady-state conduction is for most cases, valid. 
3.5.2 Top down effects: Sedimentary blanketing 
Poorly conducting formations may trap heat by thermal refraction (e.g., Mildren & 
Sandiford, 1995). Fourier’s law of heat conduction (1822) indicates a linear 
correlation between the geothermal gradient and the inverse of thermal conductivity: 
dT
dz
=
Q
K
  [3.14] 
Therefore, one may expect to observe a positive correlation between the inverse of 
mean thermal conductivity of the sedimentary cover and the predicted geothermal 
gradient. In this study’s data, the coefficient of correlation is low (0.36) assuming a 
linear correlation. Similarly, no correlation between high temperature areas and total 
thickness of sediments is identified (correlation coefficient is 0.17). The results 
suggest that high temperature areas are not associated with areas of low conductivity 
(Figure 3.11) and thus sedimentary blanketing is not the cause of elevated 
temperatures, at least not at the regional scale. This finding concurs with the study of 
Meixner et al. (2012) in the Cooper Basin, where elevated crustal or mantle inputs 
are required to explain observed temperatures. 
3.5.3 Bottom up effects: Mantle versus Crustal Inputs 
In the previous sections, convective, advective or transient heat transfer, and 
sedimentary blanketing have been ruled out as major contributors to elevated 
temperatures in southwest Queensland. Consequently, a higher thermal input from 
depth is required, as suggested by Meixner et al. (2012). Mantle heat flow and 
radiogenic heat production of rocks below 5 km contribute to the heat flow at 5 km 
depth. It is difficult to distinguish between mantle and crustal input if no independent 
constraints on either quantity are available. Mantle heat flow can be estimated 
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Figure 3.11. Geothermal gradient determined using temperature determinations at 5 km depth versus 
inverse of the average thermal conductivity of the sedimentary cover. This graph illustrates the lack of 
correlation between sedimentary blanketing and geothermal gradient. 
through pressure-temperature estimates from xenoliths assuming a thermal 
conductivity for the mantle. Alternatively, if the crustal structure and heat production 
of constituent rocks are known, the crustal contribution to heat flow at 5 km depth 
can be calculated (Perry et al., 2006). Since the estimated heat flow at 5 km depth is 
the sum of mantle and crustal contribution, one can be computed, if the other is 
known: 
Q5km = QM + Aave (zM − z5km)  [3.15] 
where Q5km is the heat flow at 5km depth, QM is the mantle heat flow, z5km is 5 km 
depth, zM is the depth of the Moho and Aave is the average radiogenic heat production 
between the Moho and z5km. 
Constraints on the crustal structure in the study area are limited to deep crustal 
seismic transects including the Brisbane-Eromanga transect (Figure 3.3) and for 
depths less than ~3 to 4 km by drilling interception of the basement. The distribution 
of radiogenic isotopes within the crust of the study area is largely unknown. Pressure 
and temperature information from young xenoliths are only available along the 
eastern seaboard (O'Reilly & Griffin, 1990). Thus, available information to constrain 
mantle heat flow across the temperature anomaly is very limited. The only estimated 
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values for the mantle heat flow are located in South Australia and range from 25 to 
29.5 mWm
-2
 (Neumann et al., 2000; McLaren et al., 2003; Meixner et al., 2012). 
However, one can narrow down the possible range of mantle and crustal 
contributions to heat flow at 5 km depth by comparing Q5km predicted by the 
stochastic approach to standard crustal and mantle heat flow values. 
The depth of the Moho is well-established from the Brisbane-Eromanga seismic 
transect at ~40 km (Finlayson et al., 1990). Consequently, the average crustal heat 
production required to match the interpreted heat flow at 5 km depth (Q5km) given a 
particular mantle heat flow (Figure 3.12), can be determined using Eq. 3.15. The 
southwest corner of Queensland is characterised by heat flow generally greater than 
100 mWm
-2
 (Figure 3.7B). Using Figure 3.12 and considering a mantle heat flow of 
27 mWm
-2
 (Neumann et al., 2000; McLaren et al., 2003; Meixner et al., 2012), the 
average heat production between 5 and 40 km is much higher than average crustal 
compositions (e.g., ~2.1 to 3.3 µWm-3 compared to 0.87 and 1.65 µWm-3 for the 
average and upper continental crust, respectively) suggesting that higher radiogenic 
crustal input is required. 
 
Figure 3.12. Average heat production between 5 and 40 km depth versus mantle heat flow. Isolines 
correspond to heat flow at 5 km depth and dashed lines to standard crustal averages from Rudnick and 
Gao (2003).  
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It has recently been suggested that this region is characterised by a higher mantle 
heat flow, based on helium isotope analyses of artesian water (Italiano et al., 2014). 
The mantle heat contribution can be evaluated by considering an extreme situation or 
environment such as a hot spot where mantle heat flow is expected to be the main 
contributor to the measured surface heat flow. Across the Hawaiian hot spot for 
example, surface heat flow does not exceed 65 mWm
-2 
(Stein & Stein, 1993). Using 
this value as the mantle heat flow still requires higher than average crustal heat 
production values in the 5 to 40 km interval (e.g., ~1 to 2.2 µWm-3 versus 
0.87 µWm-3 for the average continental crust) (Figure 3.12). In addition, such high 
mantle heat flow would result in Moho temperatures in excess of 1000°C, which 
would lead to substantial melting of the lower crust (e.g., Thompson & Connolly, 
1995) and drastic mechanical consequences. It is also inconsistent with Mareschal 
and Jaupart’s (2012) recent global analysis of the thermal regime of the continents,  
which predicts maximum Moho temperatures of order 800°C for crust of 40 km 
thickness. 
The lower crust in the western part of the Eromanga transect is interpreted to be 
silicic (O'Reilly & Griffin, 1990). It is well recognised that silicic rocks have higher 
heat-producing capacity than mafic rocks (Turcotte & Schubert, 2002). 
Consequently, this Chapter finding contradicts models that propose southwest 
Queensland and the Thomson Orogen are underlain by oceanic crust (Harrington, 
1974; Glen et al., 2013). Alternatively, areas of high crustal temperatures in 
southwest Queensland require a silicic lower to middle crust located between 5 and 
40 km depth and relatively enriched in heat-producing elements. 
It is well accepted that heat production becomes more depleted in the lower crust as a 
result of chemical differentiation of the continental crust through granitic magmatism 
(e.g., Taylor & McLennan, 1995; Rudnick & Gao, 2003; Hawkesworth & Kemp, 
2006b). Accordingly, models proposing an exponential decrease of heat production 
with depth (Lachenbruch, 1968) are sometimes invoked. These simple models are, 
however, in contradiction with heat production studies of drilled or exposed crustal 
profiles. Geochemical and geobarometric data indicate an exponential decrease of 
heat production with depth is rarely, if ever, valid, with high heat-producing material 
often occurring at greater depth (Ashwal et al., 1987; Hart et al., 1990; Clauser et al., 
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1997; Brady et al., 2006; He et al., 2008). Such a crustal profile is exposed in the 
Arunta and Musgrave Inliers of central Australia where high heat-producing material 
is abundant between pre-exhumation depths of 6-10 km (Sandiford et al., 2001). The 
deformation of Proterozoic crust during the Petermann and the Alice Springs 
orogenies (Sandiford et al., 2001) have led to exhumed blocks in the Musgrave and 
Arunta Inlier, and to buried and downward thrusted crustal material. Such high heat-
producing crustal material may therefore extend in the subsurface beneath the 
Thomson Orogen at depths >5 km and is thus a likely candidate to explain the silicic 
and heat-producing crust the model indicates. 
3.5.4 SW-NE trend 
The predicted heat flow map at 5 km depth (Figure 3.7B, 3.8A, 3.13A) indicates a 
narrow SW-NE trending zone of lower heat flow with values ranging from 80 to 
100 mWm
-2
. In response to the linear relationship between average heat production 
at 5 to 40 km and heat flow (Eq. 3.15), this trend also corresponds to average heat 
production at 5 to 40 km that are lower than average. This zone of lower heat flow 
seems to coincide remarkably well with structural trends observed in seismic 
horizons (Figure 3.13B) related to the top of the Cadna-Owie formation (Radke, 
2009) and to thick sedimentary cover (Figure 3.2B). Specifically, the low heat flow 
trend corresponds to the Arraburry and Windorah troughs and the Ullenbury and 
Thomson depressions. A lower heat flow value in this area could result from 
localised lower mantle heat flow or a local decrease in radiogenic heat production. 
The latter case would occur if the depressions were related to a more mafic crust or 
to thinned continental crust. The latter is consistent with the observed increase in 
sedimentary infill in the troughs. Tectonic extension will reduce the vertical extent of 
crystalline basement, which is potentially enriched in high heat-producing elements, 
and thus the local crustal contribution to heat flow. 
3.6 CONCLUSIONS  
This study has re-evaluated the geothermal potential in southwest Queensland and 
has confirmed the generally high subsurface temperatures observed in Oztemp. A 
new temperature map at 5 km depth reveals a strong SW-NE trend of elevated (200-
250°C) temperatures (Figures 3.7A, 3.8B). This study has also investigated the 
geological controls on the elevated geothermal gradients using a stochastic approach.  
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Figure 3.13. Geologic origin for the SW-NE trend of lower heat flow and temperatures at 5 km depth 
in southwest Queensland. A Close-up of median heat flow at 5 km depth as illustrated in Figure 3.7B 
with a slightly different color scale. B The lower median heat flow SW-NE trend corresponds to 
basement structure and a depression indicated by the top of Cadna-Owie formation as delineated by 
the C seismic horizon and top of the Cadna-Owie formation (after Radke, 2009). 
Estimated temperature and heat flow at 5 km depth are most sensitive to the thermal 
conductivity of the strata. A poor correlation between thickness and average thermal 
conductivity of the sedimentary pile and estimated temperature at 5 km depth 
suggests that thermal blanketing is not the sole cause of high geothermal gradients. 
In addition, the small mean temperature errors between modelled and observed 
temperature profiles indicate that the assumption of steady-state, purely conductive 
heat transfer may be valid and that effects of advective, convective or transient heat 
transfer are likely to be minor at the regional scale of this study. 
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Consequently, elevated subsurface temperatures must result from bottom-up 
contributions. Estimations of the relative contributions of mantle versus crustal heat 
input from below 5 km depth suggest that the observed high geothermal gradients are 
unlikely to be generated by elevated mantle heat flow alone. Consequently, we 
conclude that the crust between 5 and 40 km depth is relatively high heat-producing 
in the region of anomalously high crustal temperatures. This study supports the 
evidence of silicic continental lower to middle crust enriched in heat-producing 
elements beneath the region of elevated temperature and for much of the Thomson 
Orogen. A SW-NE trend of lower heat flow and inferred average heat production 
through the study area correlates with structural trends and may relate to zones of 
more thinned continental crust and therefore lower total crustal heat production.  
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Chapter 4 Unravelling the origin of the 
subsurface temperature anomaly 
and crustal basement in southwest 
Queensland: Insights from whole-
rock chemistry, zircon 
chronochemistry and Hf and O 
isotopes 
4.1 INTRODUCTION 
The large subsurface temperature anomaly located in Central Australia and covering 
a significant area in southwest Queensland (Figures 1.4 and 3.1) is interpreted to 
result from the presence of subsurface HHPGs (e.g., Chopra & Holgate, 2005; 
Draper & D'Arcy 2006). However, the few intersected subsurface granitic rocks are 
not high heat-producing and their heat-producing potential strongly contrast with 
HHPGs of the Big Lake Suite (BLS) in South Australia (Table 3.5; Middleton, 
1979a, Marshall, 2013) . One dimensional stochastic modelling (Chapter 3) indicates 
that elevated geothermal gradients in southwest Queensland are real and result from 
a lower to middle crust that is enriched in HPE in comparison to average continental 
crust. Specifically, this crust is silicic and located between 5 and 40 km depth. This 
moderately HPE-enriched lower to middle crust is interpreted to comprise buried 
HPE-enriched crustal materials from the Musgrave Inlier, which were buried by 
sedimentation related to the Neoproterozoic to Early Cambrian Petermann Orogeny 
and/or during the Devonian to Carboniferous Alice Spring Orogeny (ASO) (Chapter 
3; Scrimgeour & Close, 1999; Sandiford et al., 2001).  
To test the presence of buried HHPGs in southwest Queensland, this Chapter aims to 
probe the nature of the deep crust, and to evaluate the conditions responsible (e.g., 
crustal sources vs fractionation) for the heat-producing potential of intersected 
subsurface granitic rocks. Unravelling the nature of the crustal basement beneath the 
Thomson Orogen is crucial for providing a better understanding to the origin of 
elevated geothermal gradients and to the tectonic history of the Thomson Orogen. It 
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has also significant implication to tectonic reconstruction models. In particular, the 
Musgrave Province in Central Australia is part of a Mesoproterozoic suture between 
the North Australian and South Australian cratons (White et al., 1999). This suture 
extends to West Australia with the Albany-Fraser Province (Clarke et al., 1995; 
Myers et al., 1996), but its extents to the East are unclear (Fergusson & Henderson, 
2013; Purdy et al., 2013). The Musgrave Province is therefore an important piece of 
the Rodinia jigsaw puzzle (White et al., 1999 and references therein). 
4.2 GEOLOGICAL BACKGROUND 
4.2.1 Igneous events and known HHPGs in southwest Queensland 
The geology of southwest Queensland is obscured by thick sedimentary cover 
(Section 3.2). Igneous rocks are recognised in the subsurface Thomson Orogen, from 
the intersection of basement rocks by drilling, and in the outcropping Thomson 
Orogen, in northern NSW, and North Queensland (Anakie Inlier, Charters Towers, 
Greenvale, Barnard, Broken River and Iron Range provinces; Figure 4.1). Igneous 
rocks in the subsurface Thomson Orogen range from Middle Cambrian to Middle 
Devonian in age (Figure 4.1). Younger igneous rocks are located to the East with 
Early Carboniferous intrusive rocks in the Roma Shelf, and older igneous rocks lie to 
the northwest with Proterozoic intrusive rocks. Attempts to reconcile these rocks to a 
particular tectonic event are difficult because of the lack of geological knowledge of 
the subsurface Thomson Orogen, the various tectonic models proposed, and the lack 
of robust geochronological data. In particular, many igneous rocks have been 
affected by younger thermal resetting (e.g., Draper, 2006 and this study) providing 
younger ages (e.g., TEA Roseneath 1, DIO Ella 1). Succinct information for each 
igneous event is summarised in Table 4.1, illustrated in Figure 4.1, and additional 
information can be found in  Glen (2005), Purdy et al. (2013), Fergusson and 
Henderson (2013), and references therein.  
Overall, seven tectonomagmatic events are recognised in the Thomson Orogen: 
Neoproterozoic (~580 Ma), Middle Cambrian (~510 Ma), Early-Middle Ordovician 
(~480-470 Ma), Silurian (~420 Ma), Early Devonian (~405 Ma), Middle Devonian 
(~400-385 Ma), and Late Devonian to Early Carboniferous (~360-340 Ma). The 
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Table 4.1. Igneous events in southwest Queensland, including the outcropping Thomson Orogen, the Roma Shelf and selected subsurface samples from the North Australian Craton 
(NAC). Heat production data are from the compiled dataset (Appendix 2.1) and from Marshall (2013) for Big Lake Suite (BLS). Drill cores in bold have been studied here. 
Time Tectonic 
Type of 
magmatism 
Location Unit names/drill cores 
Heat 
production 
(µWm-3) 
Loc N1 
Permo-Triassic 
(245 Ma) 
Coincides with the contractional Hunter-Bowen Orogeny 
(Holcombe et al., 1997) 
Intrusive NEO AOP Jandowae West 1 Unknown - 
Late 
Carboniferous 
(~320 Ma) 
Coeval with the ASO (400-300 Ma; Collins & Shaw, 1995) in 
central Australia and the Kanimblan orogeny (380-320 Ma) 
in the Tasmanides (e.g., Glen, 2005; Buick et al., 2008). 
A-type silicic 
intrusive rocks 
Big Lake Suite, South Australia 
Big Lake 1 9.1-10.5 28 
Habanero 1 4.7-9.4 29 
Jolokia 1 11.9 30 
McLeod 1 Unknown 31 
Moomba 1 5.8-10 32 
Late Devonian-
Early 
Carboniferous 
(340-360 Ma) 
Extensional 
Broad back-arc setting (Bryan et al., 2001, 2003, 2004) 
I- and S-type silicic 
intrusive and 
extrusive rocks 
Roma Shelf 
AAO Brucedale 1 
1.6- 4.9 
1 
AAO Pleasant Hills 1 2 
AAO Sawpit Creek 1 3 
AAO Mount Hope 1 4 
AAO Rosewood 1 5 
AOP Scalby 1 6 
Anakie Inlier 
Retreat Batholith 0.1-4.9 34 
Taroborah Batholith Unknown 33 
NAC JHR Gladevale Downs 1 Unknown 21 
Middle Devonian 
(385 to <400 Ma) 
Silurian to Devonian magmatism postdates the 
compressional Benambran orogeny: emplaced in a back-arc 
environment (e.g., Glen, 2005). 
From Silurian to Devonian, tectonic settings switched from 
extensional with basin development and igneous activity, to 
contractional with deformation and thickening of the crust 
(Collins, 2002; Glen, 2005). 
 
Silicic magmatism in the Early Devonian (~405 Ma) is 
linked to renewed extension in the Late Devonian and 
coincide with the development of the Adavale Basin, 
Barrolka Trough and Warrabin Trough (e.g., Purdy et al., 
2013). 
Mostly I- and S-type 
intrusive rocks 
Subsurface Thomson Orogen 
 
AAE Towerhill 1 2.2 8 
APC Thunderbolt 1 Unknown 9 
Outcropping Thomson  QLD-
NSW 
 
Currawinya I-type Granite Unknown 24 
S-type Eulo Ridge Granite 1.6 25 
Charters Towers I-type Amarra Suite of Lolworth Batholith 0.7-8.7 40 
Early Devonian 
(~405 Ma) 
Mostly I- and S-type 
intrusive rocks 
Subsurface Thomson Orogen Gumbardo Formation (PPC Carlow 1) Unknown 11 
Outcropping Thomson  NSW Tinchelooka diorite Unknown 62 
Charters Towers 
Barrabas, Broughton River and Dean 
Supersuites of the Ravenswood batholith 
0.1-5.5 
39, 41, 
42 
Craigie Supersuite of the Reedy Spring 
Batholith 
Unknown 40 
Pama igneous event association 
in the Iron Range Province  
I-type Flyspeck and Blue Mountains 
supersuites and S-type Kintore Supersuite 
0.2-12.7 
57, 58, 
59 
Silurian (~420 
Ma) 
Mostly I- and S-type 
intrusive rocks 
Subsurface Thomson Orogen 
 
DIO Ella 1 3.0-3.7 16 
PPC Etonvale 1 Unknown 13 
LOL LOL 1 Cleeve Unknown 14 
AOP Balfour Unknown 12 
Outcropping Thomson  NSW-
QLD 
 
Hungerford S?type Granite Unknown 26 
Tibooburra I-type Suite Unknown 64 
Brewarrina S-type Granite Unknown 63 
Charters Towers 
 
Millchester I-type Supersuite 
(Ravenswood) 
0.01-4.02 43 
Hodgon I-type Suite (Lolworth) 1.0-2.1 44 
Greenvale Province Dido I-type tonalite 0.1-2.8 52 
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Table 4.1 (Continued) 
Time Tectonic 
Type of 
magmatism 
Location Unit names/drill cores 
Heat 
production 
(µWm-3) 
Loc N1 
Early-Middle 
Ordovician 
(~480-470 Ma) 
extensional environment: continental back-arc setting (Henderson, 
1986; Stolz, 1995); “continent-scale extension” based on similar ages in 
the Arunta Inlier (Hutton, 2004) 
several magmatic events are coeval: the Macquarie arc in the Lachlan 
Fold Belt (e.g., Crawford et al., 2007), the Seventy Mile Range Group 
in the Ravenswood Province (Charters Towers) and the extensional 
Larapinta event in the Arunta Inlier (e.g., Buick et al., 2001). 
I- and S-type 
High silica 
intrusive and 
extrusive rocks 
Subsurface Thomson 
Orogen 
 
AMX Toobrac 1 3.1-4.2 17 
PPC Carlow 1 2.2 11 
GSQ Maneroo 1 Unknown 18 
BEA Coreena 1 Unknown 19 
Outcropping Thomson 
NSW 
Granite Springs S-type Granite Unknown 27 
Anakie Inlier 
 
Coquelicot I-type tonalite 0.6-1.3 36 
Mooramin S-type granite 1.2-2.4 35 
Charters Towers 
Mount Windsor Volcanics of the Seventy 
Mile Range Group 
1.6-3.7 51 
S-type intrusives from the Fat Hen Creek 
Complex 
1.4-3.6 49 
I-type Sunburst and Schreibers 
granodiorite, Hogsflesh Creek, Lavery 
Creek, Jones Dam, Brittany, Chipley and 
Columbia Creek supersuites of the 
Ravenswood batholith 
0.1-5.1 
45 to 
48 
Greenvale Province Lynwater Complex 0.5-2.9 53 
Barnard Province 
Tam’O Sharter S-type granite Unknown 55 
I and S-type Mission Beach granite 
complex 
Unknown 54 
Broken River Province Saddington I-type tonalite 0.01 56 
Middle Cambrian 
(~510 Ma) 
Continental volcanic arc setting in the Delamarian orogen (Mount 
Wright arc) (Greenfield et al., 2011) 
Continuity of the arc in the Warburton Basin (Gidgealpa arc) 
(Gatehouse, 1986) 
Back-arc rift basin (Roberts et al., 1990) 
Intraplate rifting (Boucher, 1991; Sun, 1996) 
Coeval with the voluminous Kalkarindji mafic LIP (Purdy et al., 2013) 
Dominantly silicic 
volcanics and 
minor silicic 
intrusive rocks 
Subsurface Thomson 
Orogen 
DIO Adria Downs 1 Unknown 20 
Warburton Basin Mooracoochie Volcanics Unknown 68 
Koonenberry Belt of the 
Delamarian Orogen 
Cymbric Vale Formation Unknown 66 
Noonthorange Formation Unknown 65 
Williams Peak Granite Unknown 67 
Anakie Inlier Buckland Hills Diorite Unknown 37 
Neoproterozoic 
(~580 Ma)??? 
Part of a continental margin arc (Glen et al., 2010; Glen et al., 2013) 
rift-related, associated with the passive margin along Eastern 
Gondwana (Direen & Crawford, 2003a, b; Fergusson et al., 2009) 
Andesitic 
volcanics 
Outcropping Thomson 
Orogen in NSW 
Warraweena Volcanics 
Unknown 
69 
Volcanic rocks at Toorale 70 
Proterozoic 
(~1750 to 
700 Ma) 
- Intrusive rocks NAC 
Bedourie 
Unknown 
22 
CPC Oooroonoo 1 23 
Loc N1: Loc N is the location number of geochronological analyses as tabulated in Appendix 4.2 and illustrated in Figure 4.1. 
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Figure 4.1. Existing geochronology on granitoid and volcanics rocks with a focus on the Thomson 
Orogen. Each numbered location corresponds to Table 4.1. G, is granitoid and V, is volcanic rock. 
The extent of the Kalkarindji continental flood basalt province is from Evins et al. (2009). Extents of 
the tectonic elements (e.g., Lachlan Orogen) are from Glen (2005) and Purdy et al. (2013). 
existence of a Neoproterozoic igneous event in the Thomson Orogen (Glen et al., 
2013) is, however, strongly contested due to the lack of reproducibility and 
robustness of U-Pb zircon ages (Burton & Trigg, 2014). Amongst all 
tectonomagmatic events, magmatism occurred on several geological terranes 
including the Thomson Orogen (subsurface and outcropping terranes in the Anakie 
inlier, Charters Towers, Greenvale, Barnard and Broken River provinces, and in 
northern NSW), the Koonenberry belt of the Delamarian Orogen, and the Warburton 
Basin (Table 4.1; Figure 4.1). Early and Late Carboniferous ages are also reported 
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far from plate boundaries, in the Mount Painter and Arunta Inlier (Buick et al., 2008; 
Elburg et al., 2013). 
Apart from mafic to intermediate Neoproterozoic magmatism, other igneous events 
in southwest Queensland are dominantly silicic in composition. Middle Cambrian, 
Ordovician and Late Devonian-Early Carboniferous igneous events are both intrusive 
and extrusive, whereas Silurian to Middle Devonian and Late Carboniferous igneous 
rocks are dominantly intrusive. Igneous rocks from most events are both I- and S-
type in composition, and distinct from the Late Carboniferous A-type Big Lake Suite 
(BLS; Table 4.1). 
Temporally related to igneous events occurring in southwest Queensland, HHPGs 
were emplaced in the Early Devonian with I- and S- type igneous rocks of the Pama 
igneous Province (Chapter 2), to a lesser extent in the Middle Devonian with the I-
type Amarra suite of the Lolworth batholith (Charters Towers Province), and in the 
Late Carboniferous with the BLS. HHPGs in the Pama and Charters Towers 
provinces could possibly extend in the subsurface, but of major significance are the 
proximal subsurface granites of the BLS that are believed to be the cause of the 
elevated geothermal gradient in northeast South Australia (Middleton, 1979a; 
Gallagher, 1987; Beardsmore, 2004). Other HHPGs in proximity to the study area 
include Precambrian HHPGs in the Mount Isa inlier (Chapter 2) and the occurrence 
of HHP material in the Musgrave and Arunta Inlier (Sandiford et al., 2001). Both 
Phanerozoic HHPGs and Precambrian HHP crust may therefore extend beneath large 
tracts of the subsurface temperature anomaly in southwest Queensland.  
4.2.2 Previous studies on the subsurface Thomson orogen, Roma Shelf and Big 
Lake Suite 
Granitic rocks intersected by drilling in the Roma Shelf area were first described by 
Houston (1964) and a later description of basement cores in the Tasmanides was 
undertaken by Murray (1994a, b, c). Igneous whole-rock chemistry in the subsurface 
Thomson Orogen of Queensland is limited with only seven granites and two volcanic 
rocks analysed (Figure 4.2), and only four analyses including all REE (Champion et 
al., 2007; Chappell & Bultitude, pers.comm., 2012). Additionally, the majority of 
data remain unpublished and not publically available (Chappell & Bultitude, 
pers.comm., 2012). 
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Figure 4.2. Existing geochronology and geochemistry on granitoids (G) and volcanics rocks (V) 
principally intersected by drilling. BLS is Big Lake Suite. 
Available whole-rock chemical data indicate low heat production values ranging in 
between 1.6 to 4.2 µWm
-3
, strongly contrasting with the BLS where heat production 
values range between 5 and 12 µWm
-3
 (Gatehouse et al., 1995; Marshall, 2013). 
HHPGs of the BLS are A-type, highly silicic (>75wt% SiO2), have a low phosphorus 
content (<0.06 wt% P2O5) and are granodioritic in composition with the exception of 
monzogranite from Moomba 1 (Marshall, 2013). Their elevated heat-producing 
capacity is reflected by the presence of U, Th and REE- bearing accessory minerals 
such as zircon, xenotime, monazite and thorite and by the extreme U and Th 
enrichment in those accessory phases (e.g., up to 11 wt% U in zircons from 
Jolokia 1; Marshall, 2013). Existing whole-rock chemistries from subsurface igneous 
rocks in southwest Queensland are peraluminous and dominantly plot in the I- and S-
type field of Whalen et al. (1987). 
Eighteen dates exist for basement igneous rocks in the Thomson Orogen (Figure 
4.2). K-Ar is the most widely utilised technique but is sometimes unreliable yielding 
younger reset ages (Section 4.2.1). Previous geochronology is summarised in 
Appendix 4.2. Previous U-Pb dating on igneous rocks indicate two main inherited 
populations at ~1300-1000 (Grenville age) and ~700-500 Ma, similar to outcropping 
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units (e.g., the Bathampton Metamorphics, Cape River Metamorphics and the 
Argentine Metamorphics) in the Anakie Inlier and Charters Towers Province 
(Draper, 2006). Additionally, the Late Carboniferous BLS include Silurian zircon 
inheritance (Marshall, 2013), and the Silurian Brewarrina Granite of NSW comprises 
Ordovician inheritance (Bodorkos et al., 2013). More regionally, Late Devonian-
Early Carboniferous igneous rocks in the NEO contain significant zircon inheritance, 
including Precambrian ages (Bryan et al., 2004). 
4.2.3 Nature of the crustal basement 
The nature of the lower to middle crust beneath the temperature anomaly and hence, 
beneath large tracts of the Thomson Orogen, is largely unknown and remains 
debated. Harrington (1974) and Glen et al. (2013) proposed that large tracts of the 
subsurface Thomson Orogen is floored by oceanic crust (Figure 4.3A), based on 
similar lower and middle crustal seismic structures to western Victoria. Yet, O’Reilly 
and Griffin (1990) suggested it is silicic in composition based on low Bouguer 
gravity anomalies. Additionally, one dimensional stochastic thermal modelling 
(Chapter 3) infers the crust is silicic and moderately enriched in HPE (above crustal 
averages). 
A recent Sm-Nd isotope compilation and synthesis by Champion (2013) implied the 
presence of old crust beneath large parts of the Thomson Orogen but the quantity of 
Sm-Nd data in the subsurface Thomson remains limited. Evidence of Proterozoic 
crust beneath the Thomson Orogen is further supported by a  recent seismic profile 
from Mount Isa to North Queensland, which has identified a new seismic province 
(Korsch et al., 2012). This province, named Agwamin, is inferred to be Late 
Mesoproterozoic, based on Nd model ages of outcropping granitic rocks, and is 
believed to form the lower crust beneath the Thomson Orogen (Korsch et al., 2012). 
If Precambrian, the nature of the crust may be either Paleoproterozoic with a 
continuation of Mount Isa-type crust or it could be Grenvillian (1250-1000 Ma) with 
Musgrave-type crust. 
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Figure 4.3. A. Speculation of oceanic crust beneath large tracts of the Thomson Orogen, after Glen et 
al. (2013). B.  Possible extension of the Musgrave Province in Northeastern Australia based on 
Grenvillian detrital zircon signatures, after Fergusson et al. (2007). 
Mount Isa- and Musgrave-type crusts are anomalously enriched in HPE, and if 
flooring large tracts of the subsurface Thomson Orogen, it would explain the 
elevated geothermal gradients. Evidence for the continuation of Musgrave crust 
derives essentially from zircon detrital signatures. Detrital zircon age signatures 
indicate two majors peaks at ~500-600 Ma and ~1100-1250 Ma (Fergusson & 
Henderson, 2013; Purdy et al., 2013). The first peak is of Pan-African age affinity, 
also named Pan-Gondwanaland, and corresponds to the development of a passive 
margin along Eastern Gondwana in the Neoproterozoic (Veevers, 2003). The second 
peak is coeval with the Grenvillian Orogeny. Grenvillian ages are recognised in 
northeastern Queensland with the Neoproterozoic Bathampton Metamorphics in the 
Anakie Inlier and the Cape River Metamorphics and Argentine Metamorphics in the 
Charters Towers Province (Blewett et al., 1998; Fergusson et al., 2001; Fergusson et 
al., 2007). After recognition of widespread Grenvillian ages in northeastern 
Australia, Fergusson et al. (2007) suggested the presence of Grenvillian-type crust 
beneath the Thomson orogen and the possible continuation of the Musgrave 
Complex into Northeast Australia (Figure 4.3B). However, the detrital grains may 
have travelled a long-distance and could have been recycled several times in the 
sedimentary system, and therefore the interpretation is speculative.  
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4.3 METHODOLOGY 
4.3.1 Aims 
First, the prediction of buried HHPGs similar to the BLS is examined using 
petrography, whole-rock chemistry and U-Pb age determinations, focussing on 
mineralogical, compositional and age differences between subsurface granitic rocks 
intersected in the Queensland part of the subsurface temperature anomaly and 
HHPGs of the BLS. Second, the processes responsible for the heat-producing 
capacity of subsurface granitic rocks (although not necessarily high heat-producing) 
is investigated using petrography, whole-rock chemistry and zircon chronochemistry 
(i.e. combined zircon dating and zircon chemistry; Palin et al., 2003). Third, the 
nature/age of the crustal basement is explored using zircon inheritance as well as Hf 
and O isotopes on zircons from subsurface granitic rocks.  
4.3.2 Analytical techniques 
XRF and ICP-MS techniques were used to determine major and trace elements, 
respectively. Details on rock sample preparation and instrumentations for mineralogy 
and whole-rock chemistry are given in Appendix 1.1. Age determinations were 
undertaken with U-Pb dating of zircons and monazites using both Sensitive High 
Resolution Ion Microprobe (SHRIMP) and Laser Ablation-Inductively Coupled 
Plasma Mass Spectrometer (LA-ICP-MS). Details on the instrumentation, data 
collection and data reduction for U-Pb dating of zircons and monazites, and Hf and O 
isotope on zircons are given in Appendix 1.2. 
4.3.3 Sampling strategy 
The quantity and quality of granitic rocks intersected by drilling in southwest 
Queensland are generally poor. Amongst the 272 granites intersected, only 46 have 
been cored, and not all have enough material available for analysis, the remaining 
granites have generally been recovered as ditch cuttings (Brown et al., 2012). To 
ensure data quality, only granitic rocks from cores were sampled. All possible 
granitic rocks from cores available for sampling within or close to the temperature 
anomaly were sampled for this study. In total, 19 samples were selected, including 8 
samples within the Oztemp anomaly (Figure 4.4). These spread across two transects 
(WNW-ESE and NNE-SSW; Figure 4.4) that would be used to study lithological,  
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Figure 4.4. Geographic locations of granitic basement sampled from drill cores. The two black lines 
indicate the two transects across the Oztemp anomaly. 
chemical and age variability across the region both within and outside the 
temperature anomaly. From the 19 cored granites, 43 polished thin sections and 25 
whole-rock chemical analyses were prepared. Based on the spatial distribution of 
existing data, 11 samples were selected for U-Pb zircon dating by LA-ICP-MS. One 
exception to the sampling selection was for Santos Javel 2, which is a recent drill 
core that intersected and recovered 30 m of granitic rocks with variable textures and 
mineralogies. Therefore, a more detailed petrological study was undertaken with the 
selection of 22 samples for polished thin sections, 6 samples for whole-rock 
chemistry and 2 samples for zircon dating (LA-ICP-MS). Collaborative work with 
the Geological Survey of Queensland and Geoscience Australia, as part of the 
Thomson Orogen Project, has also led to a selection of 6 granitic rocks for U-Pb 
SHRIMP dating, Hf and O isotopes. These were selected based on the results 
acquired by LA-ICP-MS. Monazite dating of granitic rocks from the Roma Shelf 
(AAO Quibet 1) was undertaken in collaboration with the University of Stellenbosch 
in South Africa, in order to help constrain the emplacement age. Information 
regarding the location and depth of samples is provided in Table 4.2 and Appendix 
4.1. 
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Table 4.2. Location and depth interval of drill cores sampled. Additional information on individual 
samples is reported in Appendix 4.1. 
Drill core name Bore Id1 Depth granite 
intersected 
(m) 
Sample depth (m) N samples 
collected 
Sample numbers 
DIO Wolgolla 1 667 2020 2040.4-2041.7 1 WOL-01 
TEA Roseneath 1 665 2170 2192-2196 1 ROS-01 
TEA Tickalara 1 6666 1711 1731.6-1732.4 1 TIC-01 
AOD Budgerygar 1 783 1617 1621.5-1622.4 1 BUD-01 
LOL Stormhill 1 732 1547 1552-1553 1 STO-01 
AMX Toobrac 1 1376 1106 1106.7-1107.85 1 TBC-01 
PPC Lissoy 1 645 3949 4068.47-4068.65 1 LIS-01 
AOP Balfour 1 655 1671 1693-1695 2 BAL-01, BAL-02 
BEA Valetta 1 657 1336 1338-1339 1 VAL-01 
TEP Jandowae West 1 595 453 467-468 1 JAN-01 
CON Wonolga 1 306 1804 1809.5-1810 1 WON-01 
AAO Dalmuir 1 21 1326 1328-1329 1 DAL-02 
AAO Quibet 1 275 1076 1081-1083 1 QUI-01 
Santos Javel 2 - 1146 1146-1176 22 JAV2-01 to JAV2-22 
CPC Ooroonoo 1 746 1170 1173.2-1174.1 2 OOR-01, OOR-02 
PPC Beantree 1 844 530-587 548.6-549.6 1 BEA-01 
PGA Todd 1 3091 1384 1392.2-1396.35 1 TOD-01 
PAP Netting Fence 1 818 2030 2030-2031.5 1 NF-01 
PGA Bradley 1 1984 886 890.6-894.35 1 BRA-01 
1 Bore Id is a unique identifier number given to the borehole. 
4.4 RESULTS 
4.4.1 Petrography 
The mineralogy of the studied granitic rocks studied are summarised in Table 4.3. 
Overall, the majority of granitoids sampled in this study are monzogranite with 
minor tonalite (BAL-01 and BEA-01), syenogranite (JAV2-01 to JAV2-22) and 
alkali-feldspar granite (WON-01) (Figure 4.5), characterised by either biotite, biotite-
muscovite, biotite-hornblende, or tourmaline-biotite-muscovite mafic mineral phases 
(Table 4.3). The extensive sericitisation of plagioclase in some samples and 
replacement of hornblende and plagioclase by calcite (e.g. JAN-01, BAL-01, BAL-
02, BUD-01, BUD-02) are the main reasons for the increased scatter in the CIPW-
based plot (Figure 4.5B). 
The following section describes the samples by age suite as recognised by zircon 
dating (Section 4.4.5). Analysed Proterozoic granitoids are mainly biotite-bearing 
with the exception of OOR-01, which, in addition to strongly pleochroic red-brown 
biotite, has primary muscovite. The majority are monzogranite and BEA-01 is a 
hypersolvus tonalite.  
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Figure 4.5. Granitoid classification diagrams. A. QAP diagram using modal abundances; B. QAP 
diagram using CIPW data. 
Ordovician granitoids located near Longreach are characterised by diverse mafic-
mineral phases. STO-01 and BUD-01 monzogranites are  hornblende-biotite, and 
biotite-bearing respectively, and marked by the absence of muscovite and cordierite. 
In contrast, TBC-01 monzogranite comprises primary muscovite, altered cordierite 
and late-stage tourmaline (Figure 4.6A, B). STO-01 has a distinctive texture 
indicative of significant recrystallization with original grains, in particular quartz, 
recrystallised as aggregates of small grains (Figure 4.6C). BUD-01 is strongly altered 
and the loss of mobile elements, such as Ca, Na and K, explains the shift towards a 
CIPW-based quartz-rich composition in the QAP diagram (Figure 4.5B). 
Silurian intrusive rocks are biotite and biotite-muscovite bearing monzogranites. 
Similar to the Roma Shelf granites, they are characterised by red-brown biotite 
(Figure 4.7A) with dark pleochroic halos due to radioactive inclusions such as 
monazite (Figure 4.7B), primary muscovite (Figure 4.7C), and contain probable 
altered cordierite as depicted in Figure 4.7D, and E. ROS-01 also exhibits interstitial 
granophyric intergrowths (Figure 4.7F). The degree of alteration is moderate to 
extensive with WOL-01 being strongly altered with primary mineralogies replaced 
by illite (Appendix 4.4) causing a shift from monzogranite to a quartz-rich granitoid 
composition in a QAP diagram (Figure 4.5). 
Devonian granitoids, located west of the Roma Shelf, are characterised by a red 
colour, are microgranular enclave-bearing, hornblende-biotite and biotite-bearing 
granites. They exhibit a strong degree of alteration with mafic minerals replaced 
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Figure 4.6. Thin section photomicrographs of Ordovician granitoids A and B. Late stage tourmaline 
in TBC-01(1107 m; XPL and PPL respectively), and C. recrystallization texture in STO-01 (1552 m; 
thin section scan, XPL). Abbreviations: Tur, tourmaline; Qtz, quartz; Bt, biotite; Pl, plagioclase; Afs, 
alkali-feldspar 
by chlorite and plagioclase replaced by clay minerals and calcite. Extensive 
alteration in BAL-01 impedes the distinction of alkali-feldspar and while none was 
observed, it is a possible that some may have been originally present as suggested by 
CIPW norm calculations (Figure 4.5). 
Early Carboniferous Roma Shelf monzogranites and syenogranite sampled from 
this study have red-brown biotite (Figure 4.7A), and radioactive accessory phases 
such as monazite in biotite (as depicted in Figure 4.7B), altered cordierite (Figure 
4.7D, E) and  primary muscovite (Figure 4.6A). These Early Carboniferous granites 
have similar mineralogies with alkali-feldspar exhibiting perthitic texture, are biotite-
muscovite bearing, and have an overall porphyritic texture. However, the alkali- 
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Figure 4.7. Thin section photomicrographs exhibiting: A. a cluster of strongly pleochroic red-brown 
biotite (TIC-01:1732 m, PPL), B. abundant radioactive accessory phases in a biotite host 
(TIC-01:1732 m, XPL), C. primary muscovite (XPL), D and E. the probable presence of altered 
cordierite (PPL and XPL, respectively; DAL-01: 1328 m), and F. the presence of granophyric 
intergrowth (XPL) in ROS-01 (2194 m). Abbreviations: Pl, plagioclase; Qtz, quartz; Ap, apatite; Ms, 
muscovite; Crd, cordierite; Grn, granophyric intergrowth. 
feldspar granite from WON-01 is different, exhibiting an equigranular texture and 
comprising microcline, and XRD did not indicate the presence of plagioclase 
(Appendix 4.3). 
The only Triassic sample (JAN-01), located outside the subsurface temperature 
anomaly and the Thomson Orogen, is a strongly altered hornblende-biotite bearing 
quartz monzodiorite, with ~45 vol% plagioclase. 
  
1
2
0
 
C
h
ap
ter 4
 
Table 4.3. Mineralogy of granitic rocks intersected in south-western Queensland and illite cristallinity (IC). Alteration is determined from both thin section petrography and air-dried XRD of 
clay fractions (see text). See Table 4.2 for list of sample names and depth. 
Sample (Well name) Colour Texture Mafic 
min. 
Major Mineralogy (vol%) Lithology Enclaves Alteration 
State 
Alteration mineralogy IC 
   Hb Bt Ms Tur Crd Pl Afs Qtz Op     
Triassic                  
TEP Jandowae West 1 Pale-grey Equigranular, 
Medium-grained, 
slightly foliated 
Hb-Bt 20 15 - - - 45 10 <10 <2 Quartz 
monzodiorite 
N Strong Kln; Ilt; Sd; Ank; Cal; Chl - 
Early Carboniferous                  
Santos Javel 2* 
Upper granite 
Pale-grey to 
pink 
Porphyritic, 
Coarse-grained 
Bt-Ms - 7 2 - 1 20 40 30 Tr Syenogranite Y Strong Kln; Ilt;Cal; Chl, Sd 1.32 
Santos Javel 2* 
Lower granite 
Grey Porphyritic, 
Coarse-grained 
Bt-Ms - 7 2 - 1 20 40 30 Tr Syenogranite Y Moderate Kln; Ilt;Cal; Chl 1 
AAO Dalmuir 1 Pale-grey to 
pink 
Porphyritic, 
Coarse-grained 
Bt-Ms - 10 2 - 3 25 30 30 Tr Monzogranite N Low Ilt; Kln - 
AAO Quibet 1 Buff to pale-
grey 
Seriate, 
Coarse-grained,  
Bt-Ms - 2 5 - 5 20 18 50 Tr Monzogranite N Strong Kln; Ilt; Sd; Ank; Cal; Chl 1.39 
CON Wonolga 1 Pale-grey Equigranular, 
Medium-grained,  
Bt-Ms - 10 2 - - Tr 40 45 - Monzogranite  Strong Chl - 
Devonian                  
AOP Balfour 1 Red Equigranular, 
Fine-grained 
Hb-Bt 30 Tr - - - 40 - 30 Tr Hypersolvus 
tonalite 
Y Very 
strong 
Chl; Ilt; Cal veins; Pl 
replaced by Cal; Hb 
replaced by Chl 
- 
BEA Valetta 1 Red Seiate, Medium-
grained 
Bt - 10 - - - 35 25 30 Tr Monzogranite Y Strong Pl are sericitised; Bt 
replaced by Chl; Ep veins 
- 
Silurian                  
DIO Wolgolla 1 Leucocratic Porphyritic, 
Coarse-grained 
Bt-Ms - 2 3 - Tr 30 30 35 Tr Monzogranite N Very 
strong 
Ilt; Sd 0.47 
TEA Roseneath 1 Buff Medium-grained Bt-Ms - 2 5 - Tr 30 28 35 Tr Monzogranite N Moderate Ilt; Ank? 0.60 
TEA Tickalara 1  Porphyritic, 
Coarse-grained 
 - 8 2 - - 25 35 30 Tr Monzogranite N Moderate Cal veins; Pl cores 
sericitised 
- 
PPC Lissoy 1 Pale-grey Coarse-grained Bt - 5 - - - 25 35 35 Tr Monzogranite N Low Pl partially sericitised - 
Ordovician                  
AOD Budgerygar 1 Grey Subequigranular 
Medium-grained 
Hb-Bt 10 10 - - - 25 25 30 Tr Monzogranite N Very 
strong 
Kln; Ilt; Cal; Hb and Plg 
partially replaced to Cal;  
1.13 
LOL Stormhill 1 Buff to pale-
grey 
Medium to 
coarse-grained 
Bt - 5 - - - 25 40 30 Tr Monzogranite N Low Cal; Ank; Recrystallised; 
Cal veins 
- 
AMX Toobrac 1 Pale-grey Seriate, 
Medium-grained  
Tur-
Ms-Bt 
- 2 8 5 - 25 25 35 Tr Monzogranite N Moderate Chl; Ilt; Ank; Cal 0.83 
Proterozoic                  
CPC Ooroonoo 1 
Zone 1 
 
Pink 
Gneissic; foliated Bt  
- 
 
Tr 
 
- 
 
- 
 
- 
 
20 
 
50 
 
30 
 
Tr 
Gneissic granite N Moderate Chl; Ank; Sd; Pl are 
partially sericitised 
- 
Zone 2 Grey  - 35 5 - - 25 5 30 Tr     
PPC Beantree 1 Dark-grey Medium-grained Bt - 20 - - - 50 Tr 30 Tr Hypersolvus 
tonalite 
N Moderate Chl; Ilt; Kln - 
PGA Todd 1 Red Very coarse-
grained 
Bt - 2 Tr - - 30 40 28 Tr Monzogranite N Strong Ank; Sd; Chl; Pl are 
completely sericitised 
- 
PAP Netting Fence 1 Pink to dark-
grey 
Coarse-grained Bt - 10 Tr - - 30 35 25 Tr Monzogranite N Strong Chl; Ilt; Kln; Pl are 
completely sericitised 
- 
PGA Bradley 1 Red Coarse-grained Bt - 5 - - - 35 30 30 Tr Monzogranite N Strong Ilt; Kln; Chl; Pl are 
completely sericitised 
 
Abbreviations: Tr, trace; Hb, hornblende; Bt, biotite; Ms, muscovite; Tur, tourmaline; Crd, cordierite; Pl, plagioclase; Afs, alkali-feldspar; Qtz, quartz; Kln, kaolinite; Ilt, illite; Sd, siderite; Ank, ankerite; Cal, calcite; Ep, epidote 
* Modal mineralogy for Santos Javel 2 varies with depth. 
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Despite subsolidus recrystallization of quartz and extensive alteration, which hinder 
primary mineralogies and textures, a common sequence of crystallisation can be 
recognised. Typically, biotite + muscovite + hornblende are early crystallising 
minerals, followed by plagioclase, and late crystallising quartz and alkali-feldspar. 
ROS-01 has, however, a different sequence of crystallisation with mafic minerals 
such as biotite and muscovite being late crystallising interstitial phases. 
4.4.2 Accessory Phases 
U and Th-bearing minerals in granitic rocks include common phases such as zircon 
and fluorapatite and less common accessory minerals such as monazite, allanite, 
xenotime, and cheralite (Figure 4.8A to F). Monazite, cheralite and huttonite form a 
solid solution and intermediate members are common (Linthout, 2007). Other, rare 
and unusual U-, Th- and/or REE- bearing minerals encountered in this study include 
thorite/huttonite (the two cannot be distinguished with the SEM-EDS technique 
employed here), uraninite, hingannite-Y ((Ce,Y)BeSiO4(OH)), aluminocerite 
((Ce,REE,Ca)9(Al,Fe
3+
)(SiO4)3[SiO3(OH)]4(OH)3) and carbonate minerals such as 
parisite-Nd (Ca(Nd,Ce, La)2(CO3)3F2) and synchysite ((Ce,La)Ca(CO3)2F) (Figure 
4.8G to K, Table 4.4).  
U and Th contents are commonly elevated in zircon, xenotime, monazite, and where 
present, in parisite-Nd, cheralite, allanite, huttonite/thorite and uraninite. Other 
accessory minerals that rarely contain higher U and Th contents are rutile in the 
upper granite of Javel 2, and fluorapatite in Proterozoic PGA Todd 1. 
For most rock samples, accessory minerals are hosted in a variety of minerals (e.g., 
biotite, plagioclase, quartz and alkali-feldspar), but also interstitially. Accessory 
minerals are principally hosted in biotite for the Early Carboniferous Roma granites 
and the Silurian TIC-01, whereas Silurian ROS-01 and WOL-01 have accessory 
phases located interstitially or in late alkali-feldspars. 
Overall, granitic rocks with different mafic mineral attributes possess different 
accessory phases. In particular, titanite is found in biotite and hornblende-biotite 
bearing granites only. Xenotime and allanite occur in both biotite- and muscovite-
bearing granites, however xenotime is more common in muscovite-bearing granite 
and allanite in biotite-bearing granite. 
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Figure 4.8. Selected backscatter electron (BSE) images of accessory phases. A. Cluster of accessory 
phases, in particular, rutile, apatite, ilmenite and magnetite in quartz, JAN-01 (467 m). B. Zircon, 
xenotime and monazite in biotite; WON-01 (1810 m). C. Subhedral zircon with a U-rich rim, 
associated with apatite and hosted in biotite, JAV2-06 (1154 m). D. Zircon with xenotime inclusion, 
associated with rutile and monazite, in a biotite host, QUI-01 (1082 m). E. Metamict Th-rich monazite 
in VAL-01 (1338 m). F. Euhedral crystal exhibiting both xenotime (white northern and southern 
portions) and zircon components (darker eastern and western portions) in ROS-01 (2194 m). 
G. Interstitial probable Hyngannite-Y in VAL-01 (1338 m). H. Resorbed and zoned uraninite in 
alkali-feldspar; core is U-rich, surrounded by a Th-rich zone and a Th and U depleted rim, NF-01 
(2031 m). I. “Ghost” huttonite in biotite, TOD-01 (1394 m). J. Resorbed aluminocerite in plagioclase 
with allanite domains, and a cluster of xenotime, huttonite, allanite, fluorite and alkali-feldspar in 
plagioclase. Note the huttonite hosted in a euhedral alkali-feldspar at bottom right, STO-01 (1552 m). 
K. Euhedral crystals exhibiting a variety of compositions with ferriallanite, Parasite-Nd, rutile and Zr-
rich zones in BRA-01 (892 m). Abbreviations: Rt, rutile; Ap, apatite; Pl, plagioclase; Qtz, quartz; Il, 
ilmenite; Mt, magnetite; Zrn, zircon; Xtm, xenotime; Mnz, monazite; Bt, biotite; Chl, chlorite; Afs, 
alkali-feldspar; Hut, huttonite; Almc, aluminocerite; Aln, allanite; Fl, Fluorite; Brt, barite. 
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Table 4.4. Mineral accessory phases in southwest Queensland granites. Huttonite and cheralite are isostructural with monazite. 100% normalised analyses for selected SEM-EDS analyses are 
available in Appendix 4.6. Values listed for UO2 and ThO2 are maximum values analysed. 
Sample Uraninite Huttonite* Monazite Cheralite Allanite Xenotime Fluoroapatite Titanite Rutile Zircon Others 
 UO2 ThSiO4 (Ce, La)PO4 (REE,Th,Ca,U) 
(P,Si)O4 
(Ce,Ca,Y)2(Al,Fe
2+, 
Fe3+)3(SiO4)3OH 
YPO4 Ca5(PO4)3F CaTiSiO5 TiO2 ZrSiO4  
Triassic            
TEP Jandowae West 1 - - - - - - √ - √ √ - 
Early Carboniferous            
Santos Javel 2 - UG - - 
15 wt% ThO2; 
1.6 wt% UO2 
- - 1.8 wt% UO2 √ - 
6.3 wt% 
UO2 
2.6 wt% ThO2; 19 
wt% UO2 
- 
Santos Javel 2 - LG - - 
Y-rich; 10 
wt% ThO2 
- - 2.4 wt% UO2 √ - √ 1.2 wt% UO2 galena 
AAO Dalmuir 1 - - 
Y-rich; 8 wt% 
ThO2 
- - √ √ - √ √ - 
AAO Quibet 1 - - 
14 wt% ThO2; 
2.5 wt% UO2 
- - 3.6 wt% UO2 √ - √ 
11 wt% ThO2; 3.7 
wt% UO2 
Pyrite, cassiterite 
CON Wonolga 1 - - 
10 wt% ThO2; 
1 wt% UO2 
- - 3 wt% UO2 √ - √ 
1.5 wt% ThO2; 1.7 
wt% UO2 
- 
Devonian            
AOP Balfour 1 - - - - - - √ √ √ √ pyrite 
BEA Valetta 1 - - 
11.8 wt% 
ThO2 
- - - √ √ √ 
3.3 wt% ThO2; 1.6 
wt% UO2 
Hingannite-Y1?, pyrite 
Silurian            
DIO Wolgolla 1 - - 11 wt% ThO2 - - 1.6 wt% ThO2 √ - - √ Barite, pyrite, galena 
TEA Roseneath 1 - - - - - 
2.6 wt% ThO2; 
2.8 wt% UO2 
3 wt% ThO2 - - 
8.5 wt% ThO2; 8.5 
wt% UO2 
- 
TEA Tickalara 1 - - 
17 wt% ThO2; 
2.7 wt% UO2 
- 3.5 wt% ThO2 
2.6 wt% ThO2; 
4.6 wt% UO2 
√ - √ 6.9 wt% UO2 
Parisite-Nd2, 12 
wt%ThO2; pyrite; 
sorosite 
Ordovician            
AOD Budgerygar 1 - - 
Y-rich; 7.7 
wt% ThO2 
- - - - - √ √ - 
LOL Stormhill 1 - 
Y-rich; 50 
wt% ThO2; 18 
wt% UO2 
- - √ 1.4 wt% UO2 √ - - 1.2 wt% UO2 
Aluminocerite3, 
fluorite 
AMX Toobrac 1 - 32 wt% ThO2 11 wt% ThO2 - - - √ - - 
Y-rich; 3 wt% ThO2; 
6 wt% UO2 
Pyrite, galena 
Proterozoic            
CPC Ooroonoo 1 - 
Y-rich; 43 
wt% ThO2; 
8.9 wt% UO2 
- - - - √ - - √ - 
PPC Beantree 1 - 42 wt% ThO2 - - - - √ √ - √ - 
PGA Todd 1 - 
Y-rich; 62 
wt% ThO2; 
8.4 wt% UO2 
Y-rich; 34 
wt% ThO2 
38 wt% ThO2; 5.7 
wt% UO2 
√ - 
26 wt% ThO2; 
5 wt% UO2 
√ √ √ 
Fluorite, Synchysite4, 
8 wt% ThO2; barite 
PAP Netting Fence 1 
Y-rich; 15 
wt% ThO2; 70 
wt% UO2 
- 
Y-rich; 3.6 
wt% ThO2 
- √ - √ √ √ √ - 
PGA Bradley 1 - - - - Y-rich; 9 wt% ThO2;   
5.3 wt% ThO2; 
0.7 wt% UO2 
√ - √ √ 
Parisite-Nd, 11 
wt%ThO2;   
* huttonite or thorite; 1Hinginnite-Y: (Ce,Y)BeSiO4(OH); 
2Parisite-Nd: Ca(Nd,Ce,La)2(CO3)3F2; 
3Aluminocerite: (Ce, REE,Ca)9(Al,Fe
3+)(SiO4)3[SiO3(OH)]4(OH)3; 
4Synchysite: (Ce,La)Ca(CO3)2F; √: Accessory phase present 
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4.4.3 Whole-Rock Chemistry 
4.4.3.1. Data integrity 
Despite efforts to collect the freshest rock-specimens and remove veins and fractures, 
thin-section petrography and XRD analyses presented in Section 4.4 indicate a strong 
degree of alteration for many intrusive rocks sampled in this study. This is also 
supported by Loss on Ignition values (LOI) with only 5 amongst 26 samples having 
LOI <1 and 13 with LOI <2. The most altered rocks with LOI >3 are in decreasing 
order: BUD-02, BUD-01, JAN-01, OOR-02, BAL-01, WOL-01, and WON-01. Rock 
samples that have undergone high degrees of alteration are generally characterised by 
low Sr, Na2O and K2O contents due to the high mobility of these elements. 
Consequently samples that have undergone alteration and removal of mobile 
elements can have a high Alumina Saturation Index (ASI >1.5). This is the case for 
seven rock samples. Sericitised rocks may also have suffered a significant loss of Sr, 
hence leading to higher Rb/Sr. Rb/Sr may thus not be a reliable parameter to provide 
an indication on the role of fractional crystallisation. For the southwest Queensland 
granites, there is no correlation between LOI, Sr, and Rb/Sr, and rocks characterised 
by elevated LOI have low Rb/Sr (<5). Consequently, Rb/Sr is considered reliable 
here to investigate the role of fractional crystallisation, and will be used in 
conjunction with Eu/Eu*. 
4.4.3.2. Major elements 
A large proportion of granitoids sampled in southwest Queensland have an elevated 
silica content with 16 analyses having SiO2 >75 wt%, four with SiO2 between 70 and 
75 wt% and five samples with SiO2 between 55 and 70 wt%. MnO and Fe2O3T values 
for BUD-01 are the most elevated with 0.2 and ~14 wt%, respectively. The most 
magnesian granitoids sampled in this study are BAL-01 and JAN-01 with values 
greater than 2 wt% MgO, and BEA-01, NF-01 and BUD-01 with values ranging 
between 1 and 2 wt% MgO. TOD-01 and BRA-01 are the most potassic with 
K2O > 7 wt%. Altered samples have a very low Na2O content with values less than 
0.5 wt%. The most silicic intrusions (e.g., >75 wt% SiO2) have P2O5 contents 
ranging from 0 to ~2 wt%, and five rock samples (ROS-01, WON-01, OOR-01, 
OOR-02 and STO-01) have values <0.6 wt%. 
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4.4.3.3. Rock classification 
Most samples analysed in this study plot in the calc-alkaline and subalkaline fields of 
Irvine and Baragar (1971). The majority are granitic in composition (Figure 4.9A). 
Ferroan granitoids are believed to be related to reduced basaltic sources and 
magnesian granitoids to subduction-related sources (Frost et al., 2001). In this study, 
Triassic, Devonian and most Proterozoic rock samples are magnesian granitoids and 
Early Carboniferous and Ordovician samples are ferroan granitoids (Figure 4.9B). 
Ferroan granitoids analysed here are calcic and calc-alkalic, whereas magnesian 
granitoids are alkali-calcic. This contradicts with observations made by Frost et al. 
(2001), where magnesian granitoids are essentially calcic and calc-alkalic, and 
ferroan granitoids are commonly alkali-calcic and alkalic. This disagreement can be 
explained by the significant loss of Na and K in Early Carboniferous and Ordovician 
granitoids due to alteration, leading to lower MALI values. Only the Triassic JAN-
01, plot in the A-type field of Whalen et al. (1987) (Figure 4.9D). All samples are 
peraluminous (Figure 4.9E), however, extensive weathering and alteration, and loss 
of Na and K, have led to anomalously high ASI values (Section 4.4.3.1).  
4.4.3.4. Trace and REE elements 
Eu anomalies are commonly negative and small with most granitoids exhibiting 
Eu/Eu* >0.4 (Figure 4.10). Only two samples show positive anomalies. Silurian and 
Early Carboniferous granitoids are the only one exhibiting strong negative anomalies 
(Eu/Eu* <0.4) suggesting potential plagioclase fractionation. 
When normalised to upper continental crust (UCC), using values of Taylor & 
McLennan (1985), trace elements from southwest Queensland granitoids exhibit 
strong variations (Figure 4.11). Proterozoic intrusions exhibit two different patterns: 
one (OOR-01, OOR-02) with depletion in Ba, Th, K, LREE to MREE, Sr and Ti, and 
a small enrichment in Nb, Ta and HREE; the other with strong Sr depletion and 
enrichment in LREE to MREE. Ordovician granitoids exhibit a variety of trace 
element patterns. Silurian granitoids have a more homogeneous pattern and are 
characterised by Ba, Sr and Ti depletions. Devonian samples are very different to 
other age suites, with flat trace element patterns. Early Carboniferous granites of 
the Roma Shelf area form a homogeneous group in regards to their trace elements, 
and exhibit depletions in Ba, Sr and Ti, and to a lesser extent Nb and Ta. The  
 126 Chapter 4 
 
Figure 4.9. Rock classification schemes: A. TAS diagram  after LeBas et al. (1986) B. Ferroan vs 
Magnesian classification after Frost et al. (2001) C. Modified Alkali-Lime Index (MALI) vs SiO2 
content; after Frost et al. (2001); a is alkalic, a-c is alkali-calcic, c-a is calc-alkalic and c is calcic D. 
Discrimination between I- & S-types and A-type; after Whalen et al. (1987) E. Shand’s index after 
Maniar and Piccoli (1989). 
Triassic JAN-01 has an overall pattern close to UCC values, but show elevated 
contents in Hf, Zr and Ti. Overall, U and Th are not anomalous with contents close 
or lower to upper continental crust values (Figure 4.11). Some Early Carboniferous 
Roma granites and Ordovician TBC-01 have elevated U contents and some 
Proterozoic granitoids have high Th contents. 
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Figure 4.10. Eu/Eu* over time. Eu/Eu* is calculated using Eq.1.2.  
 
Figure 4.11. Spiderdiagrams organised by time periods. Data are normalised using values from Taylor 
& McLennan (1985). 
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4.4.3.5. Tectonic discrimination 
The compositions of analysed Proterozoic, Ordovician, Silurian and Early 
Carboniferous granites show no clear tectonic affinity, straddling the boundaries of 
tectonic settings on discrimination diagrams such as those of Pearce et al. (1984) 
(Figure 4.12). The Devonian and Triassic samples plot more clearly in the VAG 
field, but these along with other samples plotting in the VAG fields cannot be 
volcanic-arc related because those granites were emplaced well in-board of other 
continental margin magmatism at this time (e.g., Glen, 2013). The apparent 
subduction-related signature is therefore likely to be derived from the crustal source. 
In a similar manner, samples plotting in the syn-COLG field were not emplaced in a 
collisional environment as the timing of emplacement do not correspond to 
collisional events and due to the large distance with active plate boundaries at the 
time of emplacement. The applicability of such tectonic discrimination diagrams is 
limited by its construction on initially small datasets and because the link between 
granite composition and geodynamic setting is far from univocal. Additionally, 
rather than truly reflecting the tectonic setting in which the magmas were produced, 
these discrimination diagrams are more informative of source compositions (Roberts 
& Clemens, 1993). In conclusion, no weight is given to tectonic setting assignment 
by these discrimination digrams. 
 
Figure 4.12. Trace element discrimination diagrams for the tectonic interpretation granitoids in 
southwest Queensland, after Pearce et al. (1984). A. Rb vs Y+Nb, B. Rb vs Yb+Ta. 
4.4.3.6. Thermometry 
Zircon saturation temperature (TZrsat) calculations based on whole-rock chemistry 
(Watson & Harrison, 1983) provide minimum temperature estimate of the magma at 
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the time of zircon crystallisation. In this study, TZrsat range between 700 and 900ºC 
with the most mafic sample, Triassic JAN-01, exhibiting TZrsat >900ºC (Figure 
4.13A). An elevated zircon saturation temperature for JAN-01, is consistent with an 
elevated Zr abundance and high zircon content. TZrsat for high-silica igneous rocks 
are elevated for Proterozoic intrusions and the Silurian WOL-01 monzogranite, with 
TZrsat between 800 and 900ºC, while the other samples have TZrsat ranging between 
700 and 800ºC (Figure 4.13B).  
 
Figure 4.13. Zircon saturation temperature versus time. A. All SiO2 contents. B. SiO2 restricted to 75-
80 wt% interval. Note change of vertical scale. 
4.4.3.7. Heat production 
Calculated heat production values are generally low and range from 0.8 (JAN-01) to 
7.2 µW/m
3
 (JAV-02) (Figure 4.14). The most heat-producing rocks of the sample 
suite have silica contents between 70 and 75 wt%. High silica (>75 wt% SiO2) 
biotite-muscovite-bearing granitic rocks have moderate heat production values (1 to 
4 µW/m
3
; Figure 4.14B) and are characterised with SiO2 >75 wt%. In contrast, 
biotite and biotite-hornblende bearing granitic rocks have lower silica content (e.g., 
<75 wt% SiO2; Figure 4.14B) ranging between ~58 wt% to 73 wt% SiO2. Biotite-
bearing granitic rocks exhibit a continuous increase of heat production with silica 
content reaching the highest heat production values of the sample suite at 73 wt% 
SiO2. 
Clearly, the most heat-producing high-silica rocks in the sample suite are Ordovician, 
Silurian and some Early Carboniferous granitoids. Early Carboniferous high-silica 
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Figure 4.14. Heat production vs SiO2: A. Organised by age suites, B. organised by types. 
igneous rocks exhibit the most variation in U contents and heat production values 
with a range from ~2 to ~12 ppm and ~1.5 to ~7.2 µW/m
3
. There appears no 
systematic increase or decrease in heat production with time, with Early 
Carboniferous and Silurian granitoids having the highest heat production values. 
Overall, the analysed granites strongly contrast with the HHPG of the  Permo-
Carboniferous BLS which exhibit much higher heat production values (5 to 
12 µW/m
3
) (Middleton, 1979a; Gatehouse et al., 1995; Marshall, 2013). 
4.4.4 Zircon morphologies and textures 
Zircon morphologies and textures can be used to identify several zircon populations 
that may contain different U and Th contents (see Section 4.5.3.3 for further details), 
therefore constraining the igneous processes responsible for HPE enrichment (e.g., 
U- and Th-rich cores, and U- and Th- rich antecrystic zircons both indicate a source-
control). Microscopic images of zircon morphologies are provided in Appendix 4.7. 
The location of spot analyses for zircon dating and monazite dating/chemistry are 
illustrated on both microscopic and cathodoluminescence (CL)/Backscatter electron 
(BSE) images in Appendix 4.8 and 4.13 respectively. Overall, each rock sample 
exhibits a wide range of zircon morphologies (Appendix 4.7) ranging from acicular 
or “needle-like” to equant, stubby and prismatic. Quantitatively, this range of zircon 
morphologies is best expressed by the length to width ratio (LW). U-Pb age 
uncertainties for Phanerozoic igneous rocks are too large to correlate zircon 
morphologies to age. Consequently, for each rock sample, the variability of zircon 
morphologies is examined against differentiation indices such as Zr/Hf as a proxy to 
determine trends over time (Section 4.5). In this section, the variability of zircon 
morphologies and textures, as observed under cathodoluminescence, are described in 
light of determining potential trends over the different tectonomagmatic periods. 
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Histograms of length to width (LW) ratios of zircons for each rock sample (Figure 
4.15) exhibit a variety of patterns from multi-modal distributions (e.g., JAN-01, 
BAL-01, JAV-02, ROS-01, WOL-01 and STO-01) to more unimodal distributions 
(e.g., JAV-01, BUD-01, QUI-01 and TOD-01). These unimodal LW populations do, 
however, cover a relatively wide range of LW ratios, typically a range of 3 units. 
Overall, all (but several outlying) zircons studied in this Chapter have LW ratios 
ranging between 1.1 to 5.4 with 50% of data ranging between 1.5 and 3.9. In terms of 
LW ratios, most samples do not have a uniform distribution and are positively 
skewed to higher values. Zircon lengths range from ~70 to 385 µm with 50% of 
measured grains between 110 and 290 µm, whereas zircon widths range from ~30 to 
185 µm with 50% data in between 50 and 125 µm diameter. Amongst all samples, 
JAN-01 and JAV-02 exhibit the most variability in zircon LW ratios and lengths, and 
JAN-01, BAL-01 and TOD-01 exhibit most variability in zircon widths. TOD-01 
zircons are the biggest amongst the sample suite, followed by JAN-01 zircons. 
 
Figure 4.15. Histogram of length to width ratios of zircons; n is the number of data points used for 
each rock sample. 
The majority of zircons are transparent (e.g. Triassic, Early Carboniferous, Devonian 
and Ordovician BUD-01) and most granites provided good zircon yields. A small 
proportion of zircons exhibit numerous fractures (e.g. BAL-01, TOD-01) and some 
are dominantly dark-brown (e.g. STO-01 and TOD-01). ROS-01 and TBC-01 
granitoids yielded relatively poor zircon separates with small broken zircons that are 
dominantly brown. 
Proterozoic zircons analysed here generally exhibit weak CL responses with 
uniform grey cores and rims and occasionally a faint and thick oscillatory zoning. 
Ordovician zircons exhibit a variety of textures under CL. TBC-01 zircons comprise 
a wide array of textures, but a common characteristic is a thick-black and uniform 
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rim, for which an elevated U content was measured (Figure 4.16A); BUD-01 zircons 
exhibit dark-grey homogeneous cores surrounded by grey oscillatory-zoned rims 
(Figure 4.16B); STO-01 zircons exhibit oscillatory zoned rims and cores, which are 
either dark-grey or light-grey. Silurian zircons exhibit a wide range of textures with 
a uniform, oscillatory-zoned light-grey or dark-grey core, surrounded by a uniform or 
oscillatory light-grey, grey or darker grey rim. Early Carboniferous zircons exhibit 
varied textures with numerous resorbed cores that are either dark grey or light grey 
and discordantly cut by a light grey rim and subsequent oscillatory zoned rims 
(Figure 4.16C, D). Some zircons also show diffuse signs of resorption. In contrast, 
CL textures for QUI-01 zircons are more homogeneous with a large proportion of 
zircons exhibiting an oscillatory zoned core surrounded by a more uniform black rim. 
Devonian BAL-01 zircons exhibit dark-grey, strongly oscillatory-zoned cores, that 
are partially resorbed and surrounded by a lighter-grey zoned rim and some 
exhibiting remarkable convolute zoning (Figure 4.16E). Under CL, Triassic JAN-01 
zircons exhibit dark-grey resorbed uniform cores surrounded by a lighter grey rim. 
Resorption textures are common with patches of light-grey domains within darker 
grey centres (Figure 4.16F). 
 
Figure 4.16. Selected CL images for zircon grains from southwest Queensland intrusive rocks. Circles 
indicate the location of analyses. Scale is the same for all images. 
Overall, zircon separates for each rock sample exhibit a wide range of zircon 
morphologies (equant, rounded, diamond, prismatic and acicular) and zircon 
textures. Morphological variability is extreme in some rock samples (e.g., JAN-01 
and JAV-02) with >6 morphological types recognised, whereas it is less significant 
in other samples (e.g., BUD-01) with only 4 morphological varieties. For the sample 
suite studied, the variability of zircon textures does not relate to variability of zircon 
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morphologies, in particular to their LW ratios. For example, zircons from JAN-01 
exhibit a wide range of LW ratios (~1 to ~7) but CL textures are alike. In contrast, 
zircons from TBC-01 exhibit a restricted range of LW ratios (~1 to ~4) but exhibit a 
wide variety of CL textures. 
4.4.5 Accessory phase dating 
Qualitative information (e.g, information on zircon textures, comments on the 
selection of integration intervals) on U-Pb dating by LA-ICP-MS of zircons are 
given in Appendix 4.9, U-Pb dating results in Appendix 4.10, and zircon chemistry 
results in Appendix 4.11. Results of U-Pb dating of zircons by SHRIMP are given in 
Appendix 4.12. U-Pb dating of monazite by LA-ICP-MS and monazite chemistry 
results are provided in Appendices 4.14 and 4.15, respectively. 
4.4.5.1. LA-ICP-MS dating of zircon 
Eleven rock samples were dated by U-Pb zircon geochronology using the 
LA-ICP-MS technique. The accuracy and reproducibility of each analytical session is 
discussed in Appendix 1.2. Zircons were analysed to unravel the emplacement age of 
the igneous rocks as well as to determine zircon inheritance as a probe of crustal 
materials involved in granite petrogenesis. For each rock sample, a minimum of 80 
ablations on zircons were performed with ~30 to 75 ablations on rims and ~30 to 80 
ablations on core zones (Table 4.5). For each rock sample, ~15 to 25 analyses 
represent a mixture between rim and core (listed as “mixed” in Table 4.5) based on 
comparison with CL images and zircon grain structure. Amongst all analyses, 63% 
and 26% have U-Pb ages that are within 10% and 5% concordance, respectively. 
Discordant ages dominantly reflect analyses that are either affected by common Pb 
or Pb loss. Ages of grains that are better than 10% discordant give ages that can be 
interpreted with a reasonable degree of certainty, but even within these some might 
have lost some Pb, some are inherited and the rest represent magmatic ages. In 
particular, Phanerozoic zircons that have loss Pb plot on or near the concordia and 
are thus likely to be concordant. 
For consistency, for each rock sample, the youngest zircon population that provides a 
reasonable statistical group is interpreted to represent the emplacement age. Outliers 
were identified and rejected using the technique of Campbell et al. (2006) and 
Ludwig (2008) where outliers lie above or below the line revealing inflection points  
 134 Chapter 4 
Table 4.5. Number of LA-ICP-MS analysis on zircon rims, cores and total per sample. Note that one 
analysis may in some cases be subdivided into several integration intervals. 
Sample Total 
analyses 
 
Total 
integration 
intervals  
Rim Core Mixed Common 
Pb 
Pb 
loss 
Combination 
common Pb 
and Pb loss 
Older 
grains 
Emplacement 
age 
JAN-01 107 114 29 68 17 18 1 1 10 84 
BAL-01 170 175 77 80 18 19 3 1 - 153 
JAV2-01 81 88 42 28 18 11 24 2 19 32 
JAV2-02 83 93 32 44 17 25 14 2 19 33 
QUI-01 92 98 39 47 12 23 22 8 9 36 
ROS-01 92 112 46 52 14 25 1 67 3 16 
WOL-01 82 94 49 33 12 39 18 11 4 22 
STO-01 121 129 32 75 22 14 25 42 13 35 
BUD-01 91 96 37 33 26 16 9 6 7 58 
TBC-01 128 159 64 72 23 11 29 44 39 36 
TOD-01 112 115 34 66 15 14 91 - 1 9 
in a linearised probability plot. On such diagrams, analyses plotting along the line 
form a normal distribution (bell curve) whereas those located above or below the line 
are outliers. For example, BUD-01 shows a scatter along the concordia (Figure 
4.17A). The linearised probability plot (Figure 4.17B) indicates two inflexion points 
with 7 younger outliers interpreted as Pb loss and 4 older outliers interpreted as 
inherited. These are also clear outliers on the cumulative probability plot (Figure 
4.17C). After removing those outliers, all analyses plot on the same line and are 
normally distributed (Figure 4.17D and E). 
 
Figure 4.17. Technique to remove excess scatter and refine the crystallisation age 
using BUD-01 as an example; A. Scatter along the Concordia. Blue are analyses 
interpreted as inherited and green are analyses interpreted as Pb-loss.; B. Linearised 
probability plot; C. Cumulative probability plot; D. Linearised probability plot after 
removing outliers; E. Cumulative probability plot after removing outliers.  
This technique helps to refine the crystallisation age by removing excess scatter and 
reducing the Mean Square Weighted Deviation (MSWD). Mahon (1996) noted that a 
reasonable MSWD depends on the number of analyses undertaken (e.g., for 4 
analyses a MSWD should be between 0.121 and 2.775). However, after removing 
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excess scatter, MSWDs can remain high (up to 3 for >150 analyses for BAL-01; 
Table 4.6), well above the range of values advised by Mahon (1996). However, no 
criteria could be found (e.g., zircon chemistry, outliers on a concordia diagram) to 
further subdivide this population and achieve a reasonable MSWD. Samples with 
elevated MSWD are believed to reflect the presence of both antecrystic and 
autocrystic zircons that cannot be further refined using age analysis. 
Table 4.6. LA-ICP-MS U-Pb zircon age summary listing weighted mean ages (uncertainties are 2σ 
and external). For some samples, concordia age values and discordia ages were obtained for the 
emplacement age and these are illustrated in relevant figures in Appendices 4.18 to 4.20. All ages are 
206
Pb-
238
U ages, unless otherwise stated. 
Sample Emplacement 
age (Ma) 
MSWD/Probability; 
Number of analyses 
Inherited or younger populations (Ma) 
Internal uncertainties 
MSWD; Probability; N 
JAN-01 243.2+/-2.0 1.8/0.000; 84 266.7+/-3.91 
~1200 
1.3/0.18; 8 
n=2 
BAL-01 393.5+/-2.9 2.9/0.000; 153 - - 
JAV2-01 358.7+/-3.3 1.8/0.005; 31 383.5+/-6.61 
463.0+/-151 
~600; ~900; ~1100; ~1500 
1.4/0.18; 5 
2.2/0.048; 3 
n=2; n=2; n=2; n=2 
JAV2-02 362.3+/-3.1 1.6/0.023; 33 384.0+/-4.1 
~430; ~570; ~1050; ~1300; ~2700 
0.78/0.58; 7 
n=2; =2; n=2; n=1; n=12 
QUI-01 368.6+/-4.1 1.9/0.001; 36 ~430; ~510; 590; ~700-800 n=3; n=2; n=1; n=3 
ROS-01 419.4+/-7.5 2.4/0.002; 16 1330+/-41 0.48/0.62; n=3 
WOL-01 421.1+/-4.7 2.5/0.000; 22 ~440-450; ~640; ~1030 n=2; n=1; n=1 
BUD-01 471.0+/-3.6 1.6/0.002; 58 502+/-13 
~700; ~1330 
1.9/0.11; 5 
n=1; n=1 
STO-01 476.4+/-4.1 1.6/0.016; 35 499.9+/-4.71 
~520; ~540; ~580; ~660; ~1170 
0.72/0.77; 8 
n=1; n=1; n=1; n=1; n=1 
TBC-01 460.1+/-5.9 2.5/0.000; 36 557+/-31 
687+/-50 
904+/-40 
~1050; 1770; 2440 
1154+/-211 
1405+/-771 
7.3/0.000; 7 
8.6/0.000; 6 
5.2/0.000; 7 
n=2; n=1; n=1 
0.25/0.97; 4 
3.9/0.002; 3 
 TOD-01 1730+/-51.9 2.2/0.025; 9 ~28803 n=1 
1Concordia ages (Concordance+Equivalence; Ludwig, 2008); 2two other analyses affected by Pb loss; 3207-206 age 
There are several methods to determine the emplacement age: 1) weighted average 
mean, 2) concordia age, valid only for low MSWDs, 3) upper intercept on a Pb loss 
discordia line, and 4) a lower intercept on a common Pb discordia line. Weighted 
average mean ages were preferred, because they were available for all samples. Ages 
obtained with the other methods were also examined and compared with the 
weighted mean. Overall, for each rock sample, the ages obtained were within 
uncertainties. These are reported in Table 4.6 and in Appendices 4.18 to 4.20. 
Age groups older (and concordant) than emplacement age are interpreted as 
inherited, and the few analyses with younger ages are assigned to “Pb loss”.  A 
second approach to data interpretation is that the truly youngest grains define the 
emplacement age, and all others are inherited. In this study, the first approach is 
considered due the larger number of analyses defining the emplacement age, whereas 
younger grains commonly scatter along concordia. 
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Older ages are prevalent in zircon cores, although some zircon rims provide ages 
older than the interpreted emplacement age (Figure 4.18). In the case where zircon 
rims appear older than zircon cores, the zircon core is likely to have lost Pb (resulting 
in a younger age) prior zircon rim crystallisation, as it is unlikely for zircon to gain 
Pb, therefore appearing older. Zircon inheritance is common in Ordovician and Early 
Carboniferous intrusions with ~40% of analysed grains containing inherited cores in 
TBC-01 and ~30% for the two rock samples from Santos Javel 2 (Figure 4.18). In 
contrast, despite 175 analyses on BAL-01, including 80 on zircon cores, no inherited 
zircons were detected. 
 
Figure 4.18. Percentage of analyses for both rims (left) and cores (right) interpreted as emplacement 
age, affected by common Pb or Pb-loss or potentially inherited.  
Of all samples, TOD-01 has ~80% of zircons affected by Pb loss as shown by a 
coherent discordia. The Silurian monzogranite WOL-01 and the Early Carboniferous 
and Ordovician intrusions are less affected by Pb loss with ~10 to 30% zircons 
exhibiting younger ages. Common Pb affects all intrusions but essentially affects 
zircons from Silurian and Ordovician intrusions with >50% analyses. High common 
Pb analyses result from either the ablation of common-Pb bearing minerals such as 
apatite, or from elevated common Pb values in the zircon. 
4.4.5.2. U-Pb SHRIMP on zircon 
Six samples dated by U-Pb LA-ICP-MS were then selected for U-Pb dating by 
SHRIMP. These samples were redated to provide additional constraints for age 
analyses characterised by elevated MSWDs, but also as a basis for analysing Hf and 
O isotopes in zircons. A minimum of 20 analyses per sample were undertaken. 
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Overall, 91.6% of analysed zircons provided the emplacement age, 4.8% an inherited 
age and only 2.4% are affected by common Pb, and 1.2% by Pb loss. This strongly 
contrasts with LA-ICP-MS technique, where a large proportion of analyses were 
affected by common Pb. This difference can be explained by: 1) the near-surface 
analyses using SHRIMP and cleaning (rastering the beam for 3 minutes) the surface 
of the analysis, whereas LA-ICP-MS drill deeper through the zircons, thus more 
likely to intersect common-Pb-bearing inclusions, 2) the purification of the zircon 
yields, and 3) the different selection of targets, in particular SHRIMP analyses were 
uniquely performed for age analyses, whereas LA-ICP-MS analyses were also 
undertaken for zircon chemistry; for example, U-rich domains were targeted by LA-
ICP-MS but not by SHRIMP. Ages obtained with SHRIMP are, however, within 
uncertainties with those obtained by LA-ICP-MS (Tables 4.6, 4.7). 
Table 4.7. U-Pb dating of zircons by SHRIMP; Weighted mean ages (uncertainties are 1σ and 
external for the emplacement age).  
Sample GA number Emplacement age (Ma) MSWD/Probability; N Inherited populations (Ma) 
JAN-01 577 243.7+/-1.6 1.09/0.35; 21 - 
BAL-01 573 396.0+/-2.2 1.2/0.19; 27 628+/-19 (n=1) 
JAV2-01 578 363.8+/-1.6 0.73/0.84; 29 515+/-8 (n=1) 
769+/-31 (n=1) 
1043+/-19 (n=1) 
1394+/-69 (n=1) 
1681+/-23 (n=1) 
WOL-01 576 419.0+/-2.7 1.2/0.24; 22 1064+/-16 (n=1) 
BUD-01 574 476.9+/-3.0 0.80/0.73; 24 - 
STO-01 575 477.9+/-2.0 0.83/0.72; 30 506+/-7 (n=1) 
4.4.5.3 LA-ICP-MS U-Pb dating of monazite and monazite & zircon chemistry of 
the Roma granites 
Monazite was dated for the granitic basement of AAO Quibet 1 (QUI-01) to resolve 
issues about the subtle inheritance indicated by LA-ICP-MS (Section 4.4.5.1 and 
Appendix 4.18). Twenty-seven analyses were performed on 19 euhedral monazite 
grains from QUI-01. Twenty analyses yielded a concordia age of 342.5+/-2.8 Ma, 
and a weighted mean age of 341.8+/-3.7 Ma (Table 4.8, Appendix 4.20). This age is 
much younger than U-Pb zircon ages obtained by LA-ICP-MS, with a ~27 Myr 
difference. The remaining 6 analyses provided older ages with 5 analyses yielding a 
weighted mean age of 371.5+/-5.2 Ma and one analysis yielding a ~390 Ma age. The 
older ~370 Ma population is within uncertainty with the youngest zircon 
crystallisation populations obtained from zircon analyses (Table 4.6). Inherited 
monazite are not uncommon in S-type granites with studies recognising the presence 
of inherited monazite in the Himalayan leucogranites (Copeland et al., 1988; 
Harrison et al., 1995; Noble & Searle, 1995), leucogranites in the Caledonides of 
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East Greenland (Jane A. Gilotti & William C. McClelland, 2005) and in granitic 
rocks of the Canadian Cordillera (Crowley et al., 2008). 
Table 4.8. LA-ICP-MS on monazites from QUI-01.  
Sample Emplacement age 
(Ma) 
MSWD/Probability; 
N 
Inherited populations (Ma) 
QUI-01 341.8+/-4.5 1.9/0.01; 20 371.5+/-5.9 (n=5) 
394.4+/-6.8 (n=1)  
Uncertainties are external (i.e., reproducibility of the standard is propagated onto the uncertainty of the unknowns) 
Hydrothermal monazite are characterized by low Th contents (e.g., 0-1 wt% Th; 
Schandl & Gorton, 2004) and a lack of or small negative Eu anomaly (Zhu & 
O'Nions, 1999). The younger monazite age population has Th contents ranging 
between 5 and 10 wt%, large Eu anomalies and euhedral morphologies suggesting 
the monazite are magmatic rather than hydrothermal.  The 340 Ma age population is 
thus considered robust and not affected by hydrothermal alteration. In addition, 
monazite chemistry clearly outlines chemical differences between the 340 and 370 
Ma populations (Figure 4.19A to C). In particular, the 370 Ma monazites are more 
enriched in HREE and exhibit a stronger Eu anomaly in comparison to the 340 Ma 
population. Similarly, the 370 Ma monazite are more Th-, U- and Ca-rich with ~15 
wt% Th, >1wt% U and ~3 wt% Ca. In contrast, the 340 Ma monazite group have ~ 5 
to 10 wt% Th, <0.5 wt% U and <2 wt% Ca. 
Zircons from JAV-01, JAV-02 and QUI-01 analysed both by LA-ICP-MS and 
SHRIMP indicate a ~359-369 Ma Late Devonian-Early Carboniferous emplacement 
age for the Roma Shelf granites (Table 4.9). Monazite dating on QUI-01 identified a 
much younger and dominant population age (~340 Ma). This raises the possibility 
that some of the analyses interpreted to be affected by Pb loss may instead represent 
the emplacement age. Zircon chemistries for the Roma granites indicate different 
chemical behaviour between the ~360 Ma population and analyses previously 
interpreted to be affected by Pb loss. In particular, young (<360 Ma) zircons are 
characterised by slightly elevated Ti in zircon temperature, high U, low Th/U, low 
Ce/Ce*, high Eu/Eu* and high HREE contents (Figure 4.19D to F). In addition to the 
change of chemistry with age, the comparison of Ti-in-zircon temperatures with 
zircon saturation temperature indicates that most QUI-01 zircons are antecrysts 
(Section 4.5.3.3). This would also imply the 371.5 and 394 Ma monazite age 
populations are also inherited. 
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Table 4.9. Comparison of ages obtained in this study for the Roma granites 
  Zircon  Monazite 
Age 
populations 
 JAV2-01 – 
LA-ICP-MS 
JAV2-01-
SHRIMP 
JAV2-02 – 
LA-ICP-MS 
QUI-01 
 
QUI-01 
~380 Ma  383.5+/-6.6 - 384.0+/-4.1 -  394.4+/-6.1 
~360 Ma  358.7+/-2.4 363.8+/-1.6 362.3+/-2.2 368.6+/-3.4  371.5+/-5.2 
~340 Ma  - - - -  341.8+/-3.7 
 
 
Figure 4.19. Monazite and zircon chemistry for the Roma granites: A. REE patterns normalised to 
chondrites for monazite and apatite analysed in QUI-01; B. Th vs Th/U; C. Ca vs U; D. Ce anomaly 
vs Eu anomaly in JAV2-01; E. Ti in zircon temperature in zircon vs Th/U in QUI-01; F. Ti in zircon 
temperature in zircon vs U in QUI-01. 
4.1.5.4. Summary 
Previous geochronological analyses are not always consistent with the new data 
obtained in this study. The Silurian age obtained here for ROS-01 conflicts with the 
younger 405+/-2 Ma age obtained by K-Ar on muscovite (Murray, 1986) that could 
represent either a cooling age or a thermally reset age since it is ~15 Myr younger 
than the newly obtained U-Pb age. The existence of Devonian igneous activity in the 
Thomson Orogen (Section 4.2.1), however, provides evidence for thermal resetting 
of K-Ar system. The Devonian age is not within uncertainty with the previous and 
unreliable (Murray, 1994c) 420+/-20 Ma age (method unknown; Bennett et al., 
1975). The age for TBC-01 is within uncertainty with the previous 469.4+/-7.7 Ma 
obtained by U-Pb SHRIMP dating of zircons (Draper, 2006).  
The interpreted emplacement age of subsurface granites obtained in this study are 
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listed in Table 4.10. U-Pb dating by SHRIMP has been preferred over LA-ICP-MS, 
due to the higher precision of this technique and a lesser amount of analyses affected 
by common Pb and Pb loss. For QUI-01, monazite dating was preferred because 
zircon dating provided essentially inherited zircon age populations, and only 
scattered younger grains that did not statistically provide a single age population 
(Section 4.4.5.3). 
Table 4.10. Emplacement ages of subsurface granites in southwest Queensland; uncertainties are 2σ 
and external. 
Well name Sample Emplacement age (Ma) Dating technique 
TEP Jandowae West 1 JAN-01 243.7+/-3.2 SHRIMP zircon 
AOP Balfour 1 BAL-01 396.0+/-4.4 SHRIMP zircon 
Santos Javel 2 - UG JAV2-01 363.8+/-3.2 SHRIMP zircon 
Santos Javel 2 - LG JAV2-02 362.3+/-3.1 LA-ICP-MS zircon 
AAO Quibet 1 QUI-01 341.8+/-3.7 LA-ICP-MS monazite 
TEA Roseneath 1 ROS-01 419.4+/-7.5 LA-ICP-MS zircon 
DIO Wolgolla 1 WOL-01 419.0+/-5.4 SHRIMP zircon 
AOD Budgerygar 1 BUD-01 476.9+/-6.0 SHRIMP zircon 
LOL Stormhill 1 STO-01 477.9+/-4.0 SHRIMP zircon 
AMX Toobrac 1 TBC-01 460.1+/-5.9 LA-ICP-MS zircon 
PGA Todd 1 TOD-01 1730+/-51.9 LA-ICP-MS zircon 
The results indicate a wide range of ages ranging from Triassic to Proterozoic with a 
general trend towards older basement granite ages to the West (in order from East to 
West: Triassic, Devonian, Early Carboniferous, Ordovician, Silurian, and 
Proterozoic). The new age analyses obtained here highlight the absence of Late 
Carboniferous (HHPGs of the BLS) basement granites in the Queensland part of the 
temperature anomaly. 
4.4.6 Zircon chemistry 
Seventeen percent of analyses undertaken on zircons from southwest Queensland 
intrusions have intersected inclusions such as apatite, monazite or rutile. Of the 11 
rock samples, analysed zircons from Silurian monzogranites and the Ordovician 
monzogranite STO-01 have been strongly affected by the presence of inclusions with 
>20% analyses exhibiting elevated P, La, Ce or Ti contents and strong isotopic 
variations (Figure 4.20). The relationship between analyses affected by inclusions 
and by common Pb is distinct with a linear coefficient of determination (R
2
) equal to 
0.83 (excluding TOD-01). TOD-01 is a clear outlier with an elevated percentage of 
analyses affected by inclusions and a small amount affected by common Pb. Zircons 
from TOD-01 are significantly affected by Pb loss (Appendix 4.18). Consequently, 
the large isotopic and trace element variations observed for zircon analyses from 
TOD-01 is linked to Pb loss rather than the intersection of inclusions. 
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Figure 4.20. Percentage of analyses affected by common Pb versus percentage of analyses for which 
inclusions were ablated, based on P, La, Ce and Ti contents and trace element variations. 
There is an overall change in chemistry of zircons from different rock samples. In 
particular, many TBC-01 and STO-01 zircons are highly enriched in U with contents 
reaching values >1 wt% and >0.2 wt% respectively, and are also characterised by 
very low Zr/Hf with values <30 (Figure 4.21A). On the other hand, zircons from 
JAN-01 have the lowest U contents (<500 ppm) and highest Zr/Hf values (>50).  
TOD-01 zircons and to a lesser extent Early Carboniferous, Silurian, Triassic and 
some Ordovician zircons are characterised by flat HREE patterns with DyN/LuN 
values greater than ~0.2 (Figure 4.21B, C). In contrast, Devonian BAL-01 and 
Ordovician BUD-01 zircons have steeper HREE patterns with Dy/Lu <0.2. Zircons 
with elevated Th/U contents (>0.5; e.g., BUD-01, BAL-01, STO-01 and JAN-01), 
commonly exhibit a more restricted range of Ti in zircon temperatures (600 to 
800°C), an elevated Zr/Hf (>45), a low Eu anomaly (~0.3) and a wide range in the 
Ce anomaly (Figure 4.21, Table 4.11). In contrast, Early Carboniferous, Silurian 
zircons, Ordovician TBC-01 and Proterozoic TOD-01 zircons generally exhibit a 
small Eu anomaly (<0.15) and a smaller range in the Ce anomaly. 
U and Th contents in zircons (emplacement age and inherited only) are commonly 
<0.1 wt%, except for analyses affected by common Pb or Pb loss for which U 
contents reach 4.2 wt% U and 2.8 wt % Th. The range of U and Th contents of 
inherited zircons generally overlap with emplacement age zircons (Figure 4.22), and 
for some rock samples (JAV2-01, JAV2-02 and TOD-01), U and Th contents of 
inherited zircons are lower than emplacement age zircons. Consequently, U and Th 
enrichment in zircons do not appear to be derived from the melting of older (than
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Figure 4.21. Zircon chemistry for all samples studied from southwest Queensland 
All assigned ages including common Pb and Pb loss were included. Analyses 
affected by inclusions were excluded. A. Log(U) versus Zr/Hf; B. DyN/LuN versus 
Th/U. N indicate the concentrations were normalised to chondrite using values 
from Sun and McDonough (1989); C. Enlargement of B. 
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Table 4.11. Ce/Ce* and Eu/Eu* anomalies in zircons. Only values for 
emplacement age zircons and analyses not affected by inclusions are 
listed. 
Sample Ce/Ce* (range) Eu/Eu* n 
Triassic    
JAN-01 3.7-234.8 0.30+/-0.06 82 
Devonian    
BAL-01 17.5-663.5 0.33+/-0.06 145 
Early Carboniferous 
JAV-01 2.7-38.5 0.07+/-0.05 31 
JAV-02 2.8-194.2 0.10+/-0.08 31 
QUI-01 3.4-125.5 0.10+/-0.08 36 
Silurian    
ROS-01 3.2-84.4 0.10+/-0.09 14 
WOL-01 3.0-137.7 0.12+/-0.09 20 
Ordovician    
BUD-01 24.6-229 0.28+/-0.04 51 
STO-01 8.2-239.6 0.23+/-0.06 35 
TBC-01 6.0-813.1 0.15+/-0.11 35 
Proterozoic    
TOD-01 11.8-123.1 0.14+/-0.05 8 
 
 
Figure 4.22. U and Th content in analysed zircons (excluding those affected by inclusions and 
extreme outliers) classified by age interpretation: A. JAV2-01; B. WOL-01; C. TBC-01; D. TOD-01 
emplacement age) igneous rocks with U-Th enriched zircons. However, old U- and 
Th-rich zircons which have accumulated radiation damage may not have survived the 
melting episode. A few Precambrian zircons (e.g. >1500 Ma in JAV2-01 and ~1030 
Ma in WOL-01; Figure 4.22A, B) are, however, enriched in Th and/or U in 
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comparison with emplacement age zircons. U contents in zircons are not specifically 
stored in cores or rims. CL images reveal that elevated U contents are in some cases 
stored in rims (e.g., black rims of TBC-01 zircons; Figure 4.16A). However, both U-
rich cores and U-rich rims are observed within a single rock specimen. 
4.4.7 Hf and O isotopes 
Hf isotopes in zircons were performed for the six rock-samples analysed by U-Pb 
SHRIMP. Overall, each sample exhibits a range of ƐHf of 3 to 6 units. Results 
indicate a radiogenic signature for Ordovician intrusions with ƐHf = -11 to -14 
(Figure 4.23). In contrast, Silurian, Devonian, and Early Carboniferous intrusions are 
less radiogenic with an Hf isotopic signature similar to the chondritic reservoir 
(CHUR; ƐHf = -4 to +2), and the Triassic TEP Jandowae West 1 is the most juvenile 
with ƐHf = +8 to +12. Two-stage model ages are ~2000 Ma for Ordovician 
intrusions, between 1200 and 1500 Ma for Silurian, Devonian, and Early 
Carboniferous intrusions and ~500 Ma for the Triassic AOP Jandowae West 1 
intrusion (Figure 4.23B, Table 4.12).  
 
Figure 4.23. A. 
176
Hf/
177
Hf vs time; B. ƐHf versus time; growth curves are drawn using a Lu/Hf equal 
to 0.0125 after Chauvel et al. (2014); 
176
Hf/
177Hf is calculated using a decay constant λ176Lu=1.867.10-
11
 y
-1
 (Söderlund et al., 2004), ƐHf is calculated using chondritic values from Bouvier et al. (2008); 
CHUR is Chondritic Uniform Reservoir. The depleted mantle line is drawn using values from Griffin 
et al. (2000). 
δ18O isotope in zircons reveal a mantle-like signature for the Devonian and Triassic 
intrusions and for a couple of analyses of zircons from the Ordovician intrusions. 
While many JAN-01 analyses plot in the hydrothermally altered field (Figure 4.24), 
they have δ18O values that cluster towards the boundary with mantle-like signatures 
and that are more elevated (e.g., >4) in comparison to typical zircons originating 
from a hydrothermally altered source (e.g., Zheng et al., 2004; Hollis et al., 2014b). 
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The mantle signature for BAL-01, JAN-01 and a couple of Ordovician zircons 
suggest that no sedimentary materials 
Table 4.12. Crystallisation age and two-stage Hf model ages for southwest QLD 
intrusions 
Sample Crystallisation 
age 
Two-stage Hf 
model age 
Min Two-stage 
Hf model age 
Max Two-stage 
Hf model age 
Triassic     
JAN-01 243.7+/-1.6 564+/-57 466 674 
Devonian 
BAL-01 396.0+/-2.2 1259+/-45 1200 1326 
Early Carboniferous     
JAV2-01 363.8+/-1.6 1360+/-53 1253 1448 
Silurian     
WOL-01 419.0+/-2.7 1354+/-98 1177 1526 
Ordovician     
BUD-01 476.9+/-3.0 2023+/-47 1943 2128 
STO-01 477.9+/-2.0 2050+/-42 1984 2104 
 
 
Figure 4.24. ԐHf versus δ18O isotope in zircon. Error bars are two standard error of the mean. 
were incorporated and that the Hf signatures are meaningful. In contrast, the Silurian 
DIO Wolgolla 1 monzogranite (WOL-01) and Ordovician intrusions (BUD-01 and 
STO-01) have δ18O values ranging between 6.5 and 9, and the Early Carboniferous 
JAV2-01 sample has δ18O values ranging from 9 to 11.5 (Figure 4.24). Samples with 
δ18O in zircons >6.5 are considered a crustal signature with the incorporation of 
sedimentary materials and indicate that two-stage Hf model ages may not be 
meaningful.  
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4.5 DISCUSSION 
4.5.1 Are granitic rocks collected in SW Queensland, I-, S-, or/and A-type? 
I-, S-, and A-type granitic rocks are identified using mineralogical attributes, 
composition, abundance of inherited zircons and δO18 isotopes in zircon. S-type 
granitic rocks are recognised by the presence of abundant primary muscovite and 
cordierite, highly pleochroic red-brown biotite, ASI >1.1 and crustal-like δO18 
signatures in zircons (Chappell & White, 2001). I-type granitic rocks are identified 
by the presence of hornblende, accessory titanite, lack of muscovite and cordierite, 
ASI  <1.1 and mantle-like δO18 signatures in zircons (Chappell & White, 2001). A-
type granitic rocks are recognised on the basis of a calcic-rich and iron-rich mafic 
mineralogy, low abundance of phosphates, and ferroan, alkali-calcic to alkalic bulk-
rock compositions (Bonin, 2007). 
Granitic rocks intersected in southwest Queensland do not have calcic-rich and iron-
rich mafic minerals, neither are they both ferroan and alkali-calcic to alkalic and all 
contain phosphate accessory minerals (Table 4.13). On this basis, none of the 
granites collected are interpreted to be A-type. The distinction between I- and S-type 
granites is not straightforward for most granitic rock sampled due to the complexity 
of characteristics like ASI. In particular, at high silica contents, I- and S-type granitic 
rocks converge towards ASI values of ~1.1 (Chappell & White, 2001). In this study, 
all granitic rocks are peraluminous, but the majority have SiO2 >70 wt%, and some 
are strongly altered limiting the use of ASI for distinguishing I- and S-type. Despite 
this limitation, TEP Jandowae West 1 and AOP Balfour 1 granitic rocks are easily 
interpreted as I-type based on their mantle-like δO18 signatures in zircons, presence 
of hornblende and biotite and their lack of inherited zircons (Table 4.13). In contrast, 
the Roma Shelf granites, Silurian granites and the Ordovician AMX Toobrac 1 
monzogranite are interpreted as S-type due to their strong crustal-like δO18 signature 
in zircons, occurrence of pleochroic red-brown biotite, muscovite, +/- cordierite, and 
abundant zircon inheritance (Table 4.13). Further complexity arises for the 
Ordovician LOL Stormhill 1 and AOD Budgerygar 1 granitic rocks that are 
characterised by a dominant crustal-like isotopic signatures (with one out of ten δO18 
zircon analyses for each rock sample yielding a mantle-like δO18 signature; Figure 
4.24) and lack mafic mineralogy typical to S-type granite. Although I-type igneous 
rocks are inferred to derive from an igneous source (Chappell & White, 2001), 
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Table 4.13. Summary of characteristics of granitic rocks collected in southwest Queensland and their interpreted I-, S- or A-type character 
Sample (Well name) Mafic 
min. 
Pleochroic 
biotite ? 
Cordierite? Titanite Peraluminous/
Metaluminous/
Peralkaline 
Ferroan/ 
Magnesian 
Alkali-calcic 
to alkalic ? 
Elevated 
LILE/HFSE? 
N inherited 
zircons 
δO18 
isotope 
I/S/A 
Triassic            
TEP Jandowae West 1 Hb-Bt No No No Peraluminous Magnesian Yes No 2 4 to 6 I 
Early Carboniferous            
Santos Javel 2* 
Upper granite 
Bt-Ms Yes Yes No Peraluminous Ferroan No No 16 9 to 11.5 S 
Santos Javel 2* 
Lower granite 
Bt-Ms Yes Yes No Peraluminous Ferroan No No 15 - S 
AAO Dalmuir 1 Bt-Ms Yes Yes No Peraluminous Ferroan No No - - S 
AAO Quibet 1 Bt-Ms Yes Yes No Peraluminous Ferroan No No 9 - S 
CON Wonolga 1 Bt-Ms No No No Peraluminous Ferroan No No - - S 
Devonian            
AOP Balfour 1 Hb-Bt No No Yes Peraluminous Magnesian Yes No 1 5 to 6.5 I 
BEA Valetta 1 Bt No No Yes Peraluminous Magnesian  No - - I 
Silurian            
DIO Wolgolla 1 Bt-Ms Yes Yes No Peraluminous Ferroan No No 4 6.5 to 9 S 
TEA Roseneath 1 Bt-Ms Yes Yes No Peraluminous Magnesian No No 3 - S 
TEA Tickalara 1  Yes No No Peraluminous Magnesian No No - - S 
PPC Lissoy 1 Bt Yes No No Peraluminous Ferroan No No - - ? 
Ordovician            
AOD Budgerygar 1 Hb-Bt No No No Peraluminous Ferroan No No 7 6 to 9 I to S 
LOL Stormhill 1 Bt No No No Peraluminous Ferroan No No 13 6 to 9 I to S 
AMX Toobrac 1 Tur-
Ms-Bt 
No No No Peraluminous Ferroan No No 32 - S 
Proterozoic            
CPC Ooroonoo 1 
Zone 1 
Bt Yes No No Peraluminous Magnesian No No - - S? 
Zone 2           
PPC Beantree 1 Bt No No Yes Peraluminous Ferroan No No - - I 
PGA Todd 1 Bt No No Yes Peraluminous Magnesian Yes No - - I 
PAP Netting Fence 1 Bt No No Yes Peraluminous Magnesian Yes No - - I 
PGA Bradley 1 Bt No No No Peraluminous Magnesian Yes No - - I 
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several studies recognised the involvement of sedimentary material in the generation 
of igneous rocks that were initially interpreted as I-type (Lackey et al., 2005; 
Hawkesworth & Kemp, 2006c; Kemp et al., 2007; Zhu et al., 2011). In a similar 
manner, the elevated δO18 isotopic signature in zircons, the low 87Sr/86Srinitial, 
and moderate ԐNd of S-type granitic rocks of the Bundarra Supersuite in the southern 
NEO were interpreted by the rapid recycling of weathered volcanogenic sedimentary 
rock (Jeon et al., 2012). Such studies reveal the problems associated with the I- and 
S-type classification. Ordovician AOD Budgerygar 1 and LOL Stormhill 1 granites 
are consequently interpreted as transitional I-to S-type. 
4.5.2. Are there equivalent HHPGs of the BLS within SW Queensland? 
The petrography of intersected granitic rocks in the Queensland part of the 
subsurface temperature anomaly strongly contrasts with HHPGs of the BLS (see 
Section 4.2.1). Most BLS rock samples are granodioritic in composition (Marshall, 
2013) whereas most samples studied here are monzogranitic. Importantly, none of 
the studied granites are A-type like those of the BLS. Despite similar elevated silica 
contents (>75 wt% SiO2), whole-rock chemistries strongly contrast with lower P2O5 
contents in the BLS granites (e.g. <0.6 wt% vs 0 to 2 wt% P2O5) and higher U and 
Th contents (BLS: 20-85 ppm Th and 10-300 ppm U; SW QLD: <40 ppm Th and 
<10 ppm U), hence higher heat production values for the BLS. In addition to 
mineralogical and whole-rock chemical differences, granite ages also strongly 
contrast. Overall, age data indicate a general trend towards younger basement granite 
ages to the East along the WSW-ESE transect (Figure 4.25). Importantly, the results 
reveal the absence of granites similar in age to the Late Carboniferous HHPGs of the 
BLS, particularly for those basement granites closest to Innamincka (e.g., TEA 
Roseneath 1, TEA Tickalara 1 and DIO Wolgolla 1; Figure 4.2, 4.25). 
BLS granites are intersected at significant depth (>2.8 km) whereas most granites 
intersected in the Queensland part of the subsurface temperature anomaly rarely 
reach such depths (Figure 4.26). The closest intersected granitic rocks to the BLS 
(Silurian granitoids) are much shallower (1200 to 2300 m). Rare granitic rocks 
intersected at depths >3 km include PPC Lissoy 1 (3949 m), PPC Etonvale 1 (3401 
m) and HEP Grey Range 1 (3360 m). These are likely to be Silurian in age based on 
a Rb-Sr age on PPC Etonvale 1 (Lewis & Kyranis, 1962). Currently, no heat 
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Figure 4.25. Geographical location of new U-Pb dating (this study) along with pre-existing data 
presented in Figure 4.1; the two black lines are the transects along which samples were collected. 
 
Figure 4.26. Depth profile of intersected basement rocks along the two transects. A. WNW-ESE 
transect; B. SSW-NNE transect. The black ellipse indicates the location of the BLS. Using data from 
Brown et al. (2012) for Queensland, and available information from https://sarig.pir.sa.gov.au /Map 
for South Australia. 
production values are available, and, unfortunately, only rock chips or limited rock 
samples are available limiting the potential for high-quality age and whole-rock 
chemical analyses. In the same area, three volcanic rocks (crystal tuffs) have been 
intersected at depths >3 km (PPB Gumbardo 1, PPC Carlow 1 and BEA Allandale 1; 
Figure 4.26). These rocks are Devonian in age (Draper, 2006) and heat production 
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values are low with 2.6 µWm
-3
 for PPC Carlow 1 (Appendix 2.1). Deep intersected 
granitic and volcanic rocks in southwest Queensland are consequently much older 
and despite limited heat production values, likely to be less heat-producing than the 
Late Carboniferous BLS granites. 
Consequently, new data on subsurface granitic rocks have not revealed the presence 
of equivalent HHPGs of the BLS in the Queensland part of the subsurface 
temperature anomaly. However, there remains a remote possibility that similar 
HHPGs may reside at greater depth (>2.3 km) and have yet to be intersected.   
4.5.3. What key processes can be identified from the SW QLD basement 
granites that are responsible for enhancing the heat-producing capacity 
of subsurface granitic rocks? 
Granites examined in this study are not high heat-producing, but their whole-rock U 
and Th contents are above continental crust values therefore indicating some U and 
Th enrichment (Section 4.4.3). The timing of U and Th enrichment is examined to 
investigate whether the elevated U and Th budget of a rock sample is source-
controlled or derived from fractional crystallisation. This timing of U and Th- 
enrichment is examined from: 1) a petrographic point of view by assessing the nature 
and location of U and Th-bearing minerals, 2) a whole-rock chemical perspective by 
looking at U and Th contents in granitic rocks over time (see also Chapter 5, 6), and 
3) zircon morphological and textural information, and zircon chemical data as they 
both provide information on U and Th-enrichment in cores versus rims of zircons.  
4.5.3.1.What does the nature and location of U- and Th-bearing accessory 
minerals reveal about the processes controlling HPE enrichment? 
Petrographic examination of the southwest Queensland granitoids indicate that U- 
and Th-bearing minerals are commonly hosted in biotite, in alkali-feldspars, and to a 
lesser extent in quartz and plagioclase, or occur interstitially (Section 4.4.2). The 
sequence of crystallisation (Section 4.4.1) suggests that biotite and hornblende are 
early crystallising phases. Consequently, the presence of U- and Th-rich accessory 
phases in those mafic minerals indicate that U and Th enrichment is derived from the 
source. On the other hand, accessory minerals hosted in alkali-feldspar (a late 
crystallising mineral; see sequence of crystallisation in Section 4.4) or interstitially 
suggest U and Th enrichment is late in the magmatic history, possibly caused by 
fractional crystallisation of non U- and Th-bearing minerals, such as plagioclase. 
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On this basis, U and Th enrichment appears source-controlled for the Early 
Carboniferous S-type Roma Shelf granites and Silurian TEA Tickalara 1 granite, as 
accessory minerals are mostly located within subhedral to euhedral biotite. In 
contrast, U and Th-enrichment is late, possibly related to fractional crystallisation, 
for the S-type Silurian DIO Wolgolla 1 and TEA Roseneath 1 granites, as accessory 
minerals are present in alkali-feldspar and interstitially. This is in contradiction with 
results from the database (Chapter 1), which shows that for S-type, heat production 
decreases at higher Rb/Sr (Figure 2.13). The majority of samples, however, (i.e., 
Triassic, Devonian, Ordovician and Proterozoic intrusive rocks), include accessory 
minerals in a variety of essential minerals resulting in no clear pattern or timing for U 
and Th enrichment. The inclusions of some U- and Th-bearing accessory minerals in 
early crystallising phases such as biotite, although not abundant, suggest the parental 
melt had relatively elevated U and Th concentrations. This is supported by the lack 
of fractional crystallisation in these granitic rocks (e.g., lack of Eu anomaly; Section 
4.5.3.2) which suggests that the magmas did not fractionated extensively prior 
crystallisation of biotite. U and Th concentrations may have subsequently increased 
via fractional crystallisation. In addition, late subsolidus recrystallization and 
deuteric alteration have remobilised REE, U and Th (Middleton et al., 2013). This is 
the case for TEA Tickalara 1, PGA Todd 1 and PGA Bradley 1, where REE 
carbonate minerals such as synchysite and parisite-Nd were identified (Section 
4.4.2).  
4.5.3.2. What does whole-rock chemistry reveal about the processes controlling 
HPE enrichment? 
Whole-rock chemistry indicates no clear correlation between heat production and 
fractionation indices such as Rb/Sr and Eu/Eu* (Figure 4.27). Most intrusive rocks 
sampled in this study have low Rb/Sr ratios (<10) and hence no sign of significant 
fractionation. Eu/Eu* reveal an overall trend where the most heat-producing igneous 
rocks exhibit a stronger Eu anomaly (Figure 4.27B). However, there is a wide range 
of heat production at low Eu/Eu*, and three Early Carboniferous intrusive rocks with 
Eu/Eu* of 0.2 to 0.4 have low heat production values (<2 µWm
-3
). Additionally, 
there is no relationship between heat production and Sc, Sr/Y and MREE, indices 
that are used to assess fractionation of other phases such as clinopyroxene, 
amphibole and garnet. There is therefore, no clear fractionation control on U and Th 
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Figure 4.27. Fractionation indices versus heat production for intrusive rocks with SiO2 >75 wt%; 
Eu/Eu* is calculated using Equation 1.2. 
contents in these granitic rocks. On the basis of whole-rock chemical relationships, it 
is concluded that U and Th contents and their relative enrichments may be 
principally source-derived. 
4.5.3.3. What does zircon morphologies, textures and chronochemistry reveal 
about the processes controlling HPE enrichment? 
Zircons are important recorders of U and Th enrichment or depletion in magmas. 
Indeed, U and Th are both compatible in the zircon structure and elemental 
diffusivities in zircon are low (Cherniak & Watson, 2003). Consequently, during 
magmatic evolution, U and Th enrichment is recorded by zircons. 
Zircons can be phenocrystic/autocrystic, antecrystic or xenocrystic (Charlier et al., 
2005). Autocrystic zircons have crystallised from the host magma and provide 
information on emplacement age (Miller et al., 2007). Xenocrystic zircons are 
considered as inherited zircons from the source. Antecrystic zircons are inherited 
zircons that predate the crystallisation of the host magma but where crystallisation is 
related to preceding igneous phases (Charlier et al., 2005; Miller et al., 2007; Bryan 
et al., 2008). They are generally interpreted to derive from remobilisation of crystal 
mushes or solidified plutonic rocks (e.g., Bryan et al., 2008; Claiborne et al., 2010a; 
Claiborne et al., 2010b; Storm et al., 2011). Antecrystic zircons are mostly 
recognised in young magmatic systems where time differences between antecrystic 
and phenocrystic, estimated to be between 40 ky to several million years, can be 
resolved by small analytical uncertainties (Charlier et al., 2005; Bryan et al., 2008). 
U and Th enrichment in zircon can thus be located in xenocrystic, antecrystic, and/or 
in autocrystic zircons. Additionally, zircon rims may have a higher or lower U and 
Th contents in comparison to zircons cores, therefore reflecting the nature of 
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enrichment (e.g., source vs fractional crystallisation). This section investigates the 
location of U and Th enrichment in zircons (e.g., xenocrysts, antecrysts, autocrysts, 
and core vs rims), in order to determine whether enrichment is early (source-
controlled) or late (fractional crystallisation) in the crystallisation history. 
U and Th enrichment in xenocrystic zircons 
A hypothesis stated earlier, derived from modelling (Chapter 3), is that moderately 
high heat-producing crust lies between 5 and 40 km depth. The survival of 
xenocrystic zircons is hence crucial to test whether the rocks that have partially 
melted contained U- and Th-rich zircons reflective of this high heat-producing crust. 
Data from this study have shown that U and Th contents in xenocrystic zircons are 
similar or lower than emplacement age zircons (Section 4.4.6), therefore indicating a 
source rock that is not obviously anomalous in bearing U-rich and Th-rich zircons. 
While this result may be interpreted as a source rock similar or depleted in Th, and 
U, it does not exclude a HPE-enriched source, as those elements may have been 
preferentially hosted in other accessory phases. 
U and Th enrichment in antecrystic zircons 
Antecrystic zircons in Phanerozoic or older igneous environments have not yet been 
clearly identified by U-Pb geochronology due to higher analytical uncertainties and 
difficulties in identifying populations as autocrystic, antecrystic or affected by Pb 
loss (Miller et al., 2007). In this study, many xenocrystic zircons were recognised, 
but age uncertainties are too large to fully distinguish antecrystic zircons. 
Consequently, zircons used to define the emplacement age may be both antecrystic 
and autocrystic as suggested by elevated MSWDs obtained in this study (Section 
4.4.5). It is beyond the scope of this study to characterise different antecrystic 
populations. However, it is important to recognise the presence of antecrystic zircons 
as it suggests that rejuvenation of fractionated crystal mushes can be a potential 
contributor to U and Th enrichment if antecrystic zircons have high U and Th 
contents like established in other studies (e.g., Charlier et al., 2005; Bryan et al., 
2008). Several studies have shown that integrating information from zircon 
morphologies and textures (e.g., CL images), zircon chemistry (and particularly 
differentiation indices), U-Pb dating, and Hf and O isotopes are crucial for 
identifying antecrystic zircons (Belousova et al., 2006; Claiborne et al., 2006; Bryan 
et al., 2008; Claiborne et al., 2010a; Claiborne et al., 2010b; Gagnevin et al., 2010; 
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Corfu, 2013; Pietranik et al., 2013). 
Zircon morphologies and textures 
Complex magmatic histories involving recycling of older crust, rejuvenation of 
crystal mushes and entrainment of zircon antecrysts are likely to generate a wide 
variety of zircon morphologies from xenocrystic zircons free of overgrowths to 
newly formed magmatic zircons (e.g., Corfu et al., 2003). In this study, zircons from 
each subsurface granitic rock exhibits a wide range of morphologies (Figure 4.15) 
suggesting the presence of several zircon populations, including antecrystic zircons. 
Zircon morphological variations within a single specimen may be considered to 
relate to the timing of zircon crystallisation. Hence length to width (LW) ratios may 
reflect the order of zircon crystallisation, similar to chemical differentiation indices 
used in zircon chemistry (see below). U and Th enrichment as observed by 
cathodoluminescence responses (dark vs light-grey CL responses) may be used as a 
third parameter to identify the “timing” of U and Th enrichment. However, data from 
this study indicate a lack of correlation between zircon morphologies as indicated by 
LW ratio and differentiation indices such as Zr/Hf. Furthermore, no correlation exists 
between CL response and Zr/Hf or LW ratios. These chaotic relationships are 
interpreted to indicate the presence of antecrystic populations. It is therefore not 
possible to monitor U and Th enrichment using LW ratios. 
Textural discontinuities observed in cathodoluminescence images can be used to 
constrain several zircon age populations and U-Pb geochronology to determine the 
age of those populations. Many zircons examined by cathodoluminescence in this 
study exhibit resorbed cores (Section 4.4.4), consequently highlighting the presence 
of inherited zircons. U-Pb geochronology indicated that the majority of resorbed 
cores are not xenocrystic and are thus interpreted to be antecrystic zircon cores, 
which ages are within uncertainties with zircon autocrysts. 
Zircon chemistry – differentiation indices 
Zircon chemistry, via differentiation indices such as Ti temperature in zircon, Th/U, 
Zr/Hf, Ce/Ce* and Eu/Eu*, provides critical information on the magmatic processes 
that have operated during zircon growth (Claiborne et al., 2006; Bryan et al., 2008; 
Claiborne et al., 2010a; Claiborne et al., 2010b; Gagnevin et al., 2010; Carley et al., 
2011; Erdmann et al., 2013; Pietranik et al., 2013; Wotzlaw et al., 2013): 
 Chapter 4 155 
 Ti content in zircon structure is dependent on temperature, assuming Ti activity 
is fixed, and can therefore be used as a proxy for estimating the magma 
temperature at the time of zircon crystallisation (Watson et al., 2006). It is 
expected that over time, Ti temperature in zircon (TTiz ) decreases towards the rim 
as the magma cools in a closed-system environment. However, in open-magmatic 
systems or systems for which antecrystic zircons were entrained from the source, 
the recharge of hot magmas would influence the Ti temperature recorded in 
zircons (Claiborne et al., 2010a). 
 Th/U in zircon is determined by the melt/zircon distribution coefficients and 
thus the Th/U of the melt. Major phases are relatively neutral in their ability to 
shift Th/U and Th/U of the melt is determined by the co-crystallisation of 
accessory phases. In particular, Th/U in zircon is expected to decrease at low 
temperatures of crystallisation due to the co-crystallisation of monazite (Harrison 
et al., 2007). 
 Zr and Hf both readily enter the zircon structure. However, Zr is preferentially 
incorporated over Hf (Zr has a higher partition coefficient; Rubatto & Hermann, 
2007), lowering the Zr/Hf ratio of the melt while zircon crystallisation proceeds. 
Zircon rims are thus expected to be more enriched in Hf and more depleted in 
Zr/Hf in comparison to zircon cores during closed-system fractionation. Hf and 
Zr/Hf are therefore used as a proxy for evolution of the coexisting melt 
composition (e.g., Claiborne et al., 2006). 
 Additionally, Ce/Ce* and Eu/Eu* can be used to provide information on the 
oxidation state and a melt that has undergone plagioclase fractionation, 
respectively (Ballard et al., 2002; Trail et al., 2012).  
With a few robust assumptions, these differentiation indices can be used to: 1) 
determine the controls on U- and Th-enrichment in zircons (e.g., late vs early 
enrichment), 2) examine whether the magma system has undergone a simple closed-
system evolution with monotonic cooling and fractionation or a more complex 
history with several episodes of recharge and fractionation. In the case of monotonic 
cooling, one may expect euhedral oscillatory growth zones with normal 
compositional zoning. In particular, a continuous increase of Hf, U abundances, the 
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magnitude of Ce and Eu anomalies and a decrease of TTiz and Th/U from core to rim 
are expected (Figure 4.28). 
Considering only emplacement age analyses, i.e., antecrystic and autocrystic zircons, 
some zircons exhibit a reverse zoning revealing a more complex history recording 
potential rejuvenation and magma recharge. The overall picture is even more 
complex with some zircons exhibiting normal zoning for some of these 
differentiation indices and reverse zoning for other differentiation indices (Figure 
4.28). In regards to U contents, each rock specimen contains zircons with both U-rich 
cores and U-rich rims (black lines and red lines on Figure 4.28, respectively). 
Zircons exhibiting U-rich rims commonly exhibit normal zoning for Zr/Hf and to a 
lesser extent, a Eu anomaly. However, U-rich rims indicate either a normal or reverse 
zoning for the other differentiation indices. Similarly, U-rich cores exhibit both types 
of zoning. In the same manner to LW ratios, such disorganisation suggests the 
widespread presence of antecrystic zircons. This is also supported by the in-sample 
Hf-O isotope variability observed in Figure 4.24. 
This finding concurs with other studies, where open-system/antecrystic entrainment 
or closed-system processes were recognised using trace elements and isotopic 
signatures in a single rock specimen (e.g., Claiborne et al., 2006; Kemp et al., 2007). 
Such complexity suggests zircons do not grow from a single evolving/fractionating 
magma body, but rather are often transported as a “zircon cargo” into a different 
magma batch (e.g., Carley et al., 2011; Pietranik et al., 2013). 
Zircon chemistry – Ti temperature in zircon and zircon saturation temperature 
Composition and temperature of the host magma (Zr-under/oversaturation) have 
direct implications on the fate of antecrystic and xenocrystic zircons (Watson & 
Harrison, 1983). In this new magma body, zircons either continue to grow if the 
magma is Zr-saturated or start to resorb if they are stored for sufficient time in a Zr-
undersaturated magma. Comparison between Ti temperature in zircon (TTiz) and 
zircon saturation temperature (TZrsat) can theoretically be used to estimate whether 
the zircon are autocrystic or antecrystic/xenocrystic (Figure 4.29). Assuming that 
zircons grew in equilibrium with the melt, TTiz = TZrsat of the co-existing melt, and 
plot on the 1:1 line in Figure 4.29. However, the occurrence of inherited zircons in a 
rock suggests that zircons are not in equilibrium with the composition of their host  
  
C
h
ap
ter 4
  
1
5
7
  
 
Figure 4.28. Zircon chemistry for zircons for which both rims and cores were analysed; only selected rock samples are shown; Each row corresponds to a sample and each 
column to a specific differentiation index. Analyses affected by Pb loss, common Pb, inclusions and analyses from xenocrystic cores were excluded. 
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Figure 4.29. Schematic illustration where zircon saturation temperature and Ti temperature in zircon 
(assuming Ti activity of 1) are used in tandem to recognise antecrystic and autocrystic zircons. 
rock and thus that TTiz ≠ TZrsat. Such disequilibrium can be used to identify the 
presence of inherited zircons. In particular, zircon analyses that lie above the 1:1 line 
(Sample A in Figure 4.29) have TTiz > TZrsat, and if they grew in equilibrium with a 
melt that has the composition of the bulk-rock, they would have grown in a Zr-
undersaturated environment. Because zircons cannot grow in Zr-undersaturated 
conditions and should rather dissolve, those zircons must be inherited. The melt from 
which these inherited zircons grew would have had a greater TZrsat. Additionally, 
xenocrystic and antecrystic zircons hosted in Zr-undersaturated may survived 
because: 1) zircons are shielded in major phases, 2) rapid emplacement, and 3) an 
initially large zircon size (Watson, 1996; Bea et al., 2007; Bryan et al., 2008). 
These two thermometers provide information on magma crystallisation temperatures. 
TZrsat is generally higher than true Zr-saturation temperatures due to the presence of 
inherited zircons (antecrystic and xenocrystic), shifting values from B to C in Figure 
4.29. TTiz, when calculated assuming an activity of 1, i.e. presence of rutile, is a 
minimum. If rutile is absent from the rock and Ti is buffered by phases such as 
ilmenite, then Ti activity is <1 and TTiz is more elevated (Figure 4.29). In cases 
where TTiz > TZrsat for a Ti activity of 1, the change of Ti activity to a lower value, 
only increases temperature differences by ~70°C (Ferry & Watson, 2007), shifting 
values from B to D, in Figure 4.29. These two thermometers used in tandem can be 
used to distinguish between zircon autocrysts and zircon antecrysts. However, 
antecrystic zircons might be missed by this technique as the presence of antecrystic 
and xenocrystic zircons in the rock increase TZrsat to a higher value, therefore more 
likely plotting in the autocrystic domain (e.g., E in Figure 4.29). In this study, TTiz 
 Chapter 4 159 
was calculated using a Ti activity of 1, hence providing a minimum temperature of 
crystallisation. For a lower Ti activity, more analyses would plot in the antecrystic 
domain. Assuming an activity of 1 consequently reduces the amount of antecrystic 
zircons that can be recognised by this technique. 
In this study, many antecrystic zircons were recognised using this technique, and are 
dominantly abundant in TBC-01, ROS-01, QUI-01, JAV-2-02 and BAL-01 (Figure 
4.30A). In contrast, there is no clear evidence of antecrystic zircons in STO-01, 
WOL-01 and JAN-01. The large presence of antecrystic zircons in QUI-01 further 
reinforces the interpretation that the 340 Ma age given by monazite dating is the 
emplacement age and the 360 Ma zircon age population is inherited (Section 
4.4.5.3). While most antecrystic zircons are represented by core analyses, many 
zircon rims also show antecrystic characteristics (Figure 4.30B); this is particularly 
the case for U-rich zircon rims (>900 ppm U) from TBC-01 that exhibit high Ti 
temperatures (>900°C). Overall, antecrystic zircons from ROS-01 and TOD-01 are U 
and Th-rich whereas QUI-01, BAL-01 and JAV2-02 only exhibit a few U- and Th-
rich antecrystic zircons (Figure 4.30C and D). U- and Th-rich antecrystic zircons in 
both ROS-01 and TOD-01 suggest a source control for the HPE-enrichment of these 
granitoids. This is further supported by whole-rock chemistry (Section 4.4.3), but is 
in contradiction with indications from the location of accessory phases in ROS-01, 
which show that U and Th-bearing minerals are essentially located in late stage 
minerals and interstitially (Section 4.4.2). 
U and Th enrichment in zircon rims and cores 
Amongst the sample suite, U and Th enrichment in autocrystic and antecrystic 
zircons (zircons that collectively provide emplacement age constraints) is variable 
with some rock samples exhibiting an overall enrichment in zircon cores and others 
in zircon rims (Figure 4.31). While most samples do exhibit a variation of U and Th 
contents between zircon cores and rims (Figure 4.28), an average of U and Th 
contents of zircon cores and rims, and their respective differences, for each rock 
sample provide a basis for comparing all samples. 
Overall, most S-type granitoids sampled here exhibit a decoupling between U and Th 
enrichment in cores vs rims. In particular, the Ordovician TBC-01, Silurian ROS-01 
and the Roma Shelf granites exhibit a U enrichment in zircon rims but a depletion of 
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Figure 4.30. Ti temperature in zircon versus whole-rock zircon saturation temperature. Color coded 
by A. rock sample, B. core and rim, C. U content in zircon and D. Th content in zircon. 
 
Figure 4.31. Differences (Core – rim) of the average U or Th content in zircons (only zircons 
providing the emplacement age, not affected by inclusions, and not representing a mixed analysis 
between rim and core, are considered). Samples above zero indicate enrichment in either Th or U in 
the core while samples below zero indicate depletion in U or Th in the core in comparison to the rim. 
Tie lines link U and Th differences for the same rock specimen. 
Th in rims (Figure 4.31). This decoupling is interpreted to result from either the co-
crystallisation of Th-rich and U-poor minerals during the crystallisation of the U-rich 
zircon rims, or the co-crystallisation of U-rich and Th-poor minerals during the 
crystallisation of Th-rich zircon cores. In contrast, I-type granitoids exhibit a slight U  
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and Th enrichment in zircon cores and a coupling between U and Th enrichment in 
cores vs rims (Figure 4.31). The decoupling for S-type granites is further suggested 
by data from the Nisa monzogranite in the Central Iberian Zone in Portugal (Solá et 
al., 2009), and the Toombullup ignimbrite in Victoria, Australia (Clemens et al., 
2014), and the coupling for I-type is supported by data from the Lachlan Fold Belt 
(Kemp et al., 2005a). However, the small amount of data meeting the filtering 
conditions (e.g., U and Th analyses on both rims and cores that provide emplacement 
ages) lead to elevated standard deviations. Further studies are thus required to reduce 
standard deviations, and confirm the decoupling of U and Th enrichment in core vs 
rims in S-type granites and the coupling for I-type granites. 
4.5.3.4. Summary 
In summary, the nature of U- and Th-bearing accessory minerals, whole-rock 
chemistry, zircon morphologies, textures and chemistry, suggest the degree of U and 
Th enrichment in a granite reflects a source control. The nature and location of 
accessory phases in early crystallising minerals suggest that the elevated bulk-rock U 
and Th contents are source-controlled for the Early Carboniferous S-type Roma 
granites and Silurian TIC-01. In contrast, for the Silurian WOL-01 and ROS-01 
granites enrichment appears late, deriving from fractional crystallisation. This late 
enrichment for WOL-01 and ROS-01 is, however, in contradiction with the low 
Rb/Sr ratios and Eu anomalies which favour a source control for these granites. Low 
Rb/Sr (<10), and the lack of correlation between whole-rock chemical differentiation 
indices (e.g., Eu anomaly, Rb/Sr and MALI) and heat production, point towards a 
source control for the entire sample suite. Zircon chemical data indicated that zircon 
xenocrysts have relatively low U- and Th- contents revealing the sources did not 
contain U and Th-rich zircons or that these zircons were not preserved or entrained 
during partial melting. Zircon morphologies, textures, and chemistry highlighted a 
significant presence of antecrystic zircons, but only antecrysts from ROS-01, TBC-
01 and TOD-01 are U and Th-rich. Because inherited zircons (xenocryst and 
antecrysts) are not necessarily U and Th-rich, the source igneous rocks may not have 
been very high heat-producing. However, U and Th may have been preferentially 
hosted in other accessory minerals. The bulk U and Th contents of emplacement age 
zircons (antecrysts and autocrysts) revealed that Th enrichment is dominantly located 
in zircons cores, whereas U enrichment is either located in zircon rims or cores 
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(Figure 4.31). Additionally, differences between U and Th in zircon rims vs cores 
highlighted a decoupling for S-type granitoids and a coupling for I-type granitoids, 
revealing the significance of the co-crystallisation of U and Th-bearing accessory 
minerals during zircon growth.   
4.5.4. What is the nature of the crust beneath the Thomson orogen? 
The nature of crust beneath large tracts of the temperature anomaly and the Thomson 
Orogen is re-examined using zircon inheritance and Hf and O isotopes in zircons. 
Zircon inheritance in both I-type and S-type granites indicated significant crustal 
reworking in the Late Neoproterozoic to Ordovician, Mesoproterozoic and to a lesser 
extent in the Paleoproterozoic and Archean. More specifically, inherited age 
populations are recognised at 400-600 Ma, ~900 Ma, 1100-1400 Ma, as well as some 
ages scattering between 1500 to 2900 Ma (Figure 4.32). The pattern of zircon 
inheritance in the sample suite is similar to the detrital zircon age signature observed 
in the exposed northern Thomson Orogen with both Pan-African and Grenvillian age 
peaks (Figure 4.32; Fergusson et al., 2007). Such similarity indicates that both Pan-
African and Grenvillian age zircons were present in crustal materials at the site of 
anatexis. A possibility is that this signature in the sample suite derives from the 
reworking of similar sedimentary materials. This is in agreement with O isotope in 
zircons, whole-rock chemistry and granite mineralogy which suggest that a portion 
of the source was sedimentary or metasedimentary.  
Hf isotopic signatures of granitic rocks and their derived model ages can be valuable 
tools to evaluate the nature of the crust beneath the Thomson Orogen. However, it 
must be noted that the interpretation of Hf model ages is strongly limited due to: 1) 
the large number of reference values available for the depleted mantle source and 
176
Lu/
177
Hf ratio of the upper continental crust leading to uncertainties as high as 
500 Myr, 2) the poorly constrained 
176
Lu/
177
Hf of protoliths, and 3) the possible 
mixing of materials that were separated from the mantle at different times (Arndt & 
Goldstein, 1987; Chauvel et al., 2014). Most granitic rocks collected in this study are 
S-type or have transitional I- to S-type characteristics indicating the involvement of 
materials with varied isotopic compositions (see point 3 above) and strongly limiting 
the use of Hf model ages. However, the spread of Hf model ages, as well as its upper 
and lower limits can be used to help establish the nature of those potential crustal  
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Figure 4.32. A. Inherited populations; B. Hf model ages; C. Residence time using Hf model ages (Hf 
model age – emplacement age). Data for A, B and C are from this study. D. Detrital zircon signatures 
of the Thomson Orogen using data from Fergusson et al. (2007) 
sources. Hf model ages of BAL-01 and JAN-01 I-type igneous rocks, which are 
characterised by mantle-like O signature, can be used to more directly fingerprint 
crustal sources.  
Assuming that subsurface granitic rocks of the Thomson orogen were generated from 
a single crustal source, Hf isotopes suggest the reworking of Middle 
Mesoproterozoic (~1200 to 1530 Ma) material in the Early Carboniferous, Devonian 
and Silurian, and the reworking of Middle to Late Paleoproterozoic (~1950 to 2130 
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Ma) material in the Ordovician (Section 4.4.7). This, in association with unpublished 
data from a joint GSQ-GA project (GSQ unpublished data, Purdy, pers.comm., 2014) 
imply four peaks of crustal growth, i.e., crustal additions of mantle derived-magmas, 
for the Thomson Orogen: ~2000-2100 Ma, ~1500, ~1700 Ma and ~1300-1400 Ma 
(Figure 4.33A). The ~1500-1700 Ma two-stage model age peak is also recognised in 
the Delamarian and Lachlan orogens, and the ~1300-1400 Ma peak is also identified 
in the Delamarian orogen (Figure 4.33). The 1300-1400 Ma, ~1500 and ~1700 Ma 
peaks, respectively, coincide with the Mount West Orogeny (1345-1293 Ma) in the 
Musgrave Complex (e.g., Kirkland et al., 2013), and known magmatism in the 
Mount Painter and Mount Isa regions (e.g., Bierlein et al., 2011; Kromkhun et al., 
2013). However, the older 2000-2100 Ma crustal growth peak does not correspond to 
known igneous events in Eastern Australia. 
It is likely that several crustal sources of different ages have been involved in granite 
generation because: 1) O isotopic signatures are dominantly crustal and include a 
proportion of sedimentary material, 2) two-stage Hf model ages do not always 
correspond to known igneous events, and 3) each sample shows a range of ƐHf (3 to 
6 ƐHf units) hence a range of model ages that could be explained by a minimum of 
two crustal sources. Most granitoids studied here are highly silicic and relatively 
non-fractionated and must therefore have acquired their high-silica character by 
partial crustal melting excluding large material contributions from mantle-derived 
magmas in their genesis, which would have significantly impacted their whole-rock 
silica content and other element budgets. However, mantle-derived magmas could 
have been the heat source for widespread crustal melting that involved several and 
predominantly sedimentary or metasedimentary crustal components. By considering 
a two-component system, including crustal components of different ages, mass 
balance calculations can be undertaken to estimate the amount of each component 
required to generate the measured isotopic signature. 
Based on the two-stage Hf model ages and zircon inheritance, potential crustal 
sources include an old component (Mesoproterozoic to Paleoproterozoic, and 
perhaps Archean in age), and a younger component (Phanerozoic in age). Hf model 
ages obtained in the Musgrave province suggest a significant crustal growth peak at 
~1900 Ma (Kirkland et al., 2013). This is consistent with a recent U-Pb magmatic 
age of a buried (~30 m deep) gneiss in the northern Gawler craton (Reid et al., 2014).
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Figure 4.33. A. U-Pb magmatic ages and two-stage Hf model ages histograms for the Thomson, Lachlan and Delamarian orogens in Eastern Australia; B. ƐHf vs age for the same orogen. 
Data are from this study, unpublished data (GSQ, pers.comm., 2014) and published data (Kemp et al., 2005b; Belousova et al., 2006; Kemp et al., 2007; Fu et al., 2009; Kemp et al., 2009; 
Glen et al., 2011). Growth curves are drawn using a Lu/Hf equal to 0.0125 after Chauvel et al. (2014); 
176
Hf/
177Hf is calculated using a decay constant λ176Lu=1.867.10-11 y-1 (Söderlund et 
al., 2004), ƐHf is calculated using chondritic values from Bouvier et al. (2008); CHUR is Chondritic Uniform Reservoir. The depleted mantle line is drawn using values from Griffin et al. 
(2000).  
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The ~1900 Ma juvenile material (with mantle-like δ18O signature) was repeatedly 
reworked at ~1400, 1345-1293 Ma and 1220-1150 Ma (Kirkland et al., 2013). Mafic 
underplating is also likely to have occurred during the following igneous events: 
~1700-1800 Ma in the Mount Isa region, ~1500-1600 Ma in the Mount Painter area, 
during the Mount West Orogeny (1345-1293 Ma), Musgrave Orogeny (1220-1150 
Ma) and Giles Event (1085-1050 Ma) in the Musgrave Complex, and during younger 
Phanerozoic events (e.g., Cambrian, Ordovician, Silurian). Hf model ages of Mount 
Isa igneous rocks indicate  ~2400 and ~2700 Ma crustal growth peaks, and Hf model 
ages of Mount Painter Province suggest a main peak at ~2100-2300 Ma (Bierlein et 
al., 2011; Kromkhun et al., 2013). 
Several possibilities exist to generate the observed Hf isotopic signatures. In 
particular, Hf isotope signatures of zircons from the Ordovician I-to S-type granites 
provide two-stage model ages that range between 1940 and 2130 Ma suggesting the 
reworking of a 1900 Ma source (a source that was repeatedly reworked in the 
Musgrave Complex), and a 2100 Ma source (a source reworked during 1700-
1800 Ma igneous activity in the Mount Isa Inlier (Figure 4.33A). However, because: 
1) Ordovician granitoids are located relatively close to the Mount Isa area, and 2) 
unpublished two-stage model age data from the rhyolite in BEA Coreena 1 (GSQ, 
pers.comm, 2014) indicate a 1700-1800 Ma cluster and ages as young as 1500 Ma, it 
is more likely that Ordovician igneous rocks derive from the reworking of a ~1700-
1800 and a 2400 and/or 2700 Ma Mount Isa crust/underplate with minor reworking 
of Mount-Painter type of underplate (~1500-1600 Ma).  
Pan-African and Grenvillian age zircon inheritance and crustal O-isotope signatures 
indicate the incorporation of sedimentary material similar to the detrital zircon age 
signature observed in the exposed northern Thomson Orogen (Fergusson et al., 
2007). Using mass balance calculations, the ~2000-2100 Ma Hf model age for the 
Ordovician granites can be explained by the reworking of ~35-40% of a 2400 Ma 
source and ~60-65% of an 1800 Ma source. Ordovician granitoids are both I- and S-
type, but in this study, Hf and O isotopes were only performed on the I-type LOL 
Stormhill 1 and AOP Budgerygar 1 granitoids. Complementary, unpublished data 
acquired on the S-type AMX Toobrac 1 granite indicate a similar Hf model age 
(GSQ, pers.comm, 2014). Zircon inheritance in AMX Toobrac 1 is different to the I-
type granitoids in the region being more abundant and ranging as old as Archean. 
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Importantly, no Cambrian zircon age population was detected in the S-type AMX 
Toobrac 1 granite. To explain the similar Hf isotope model ages, but different 
mineralogical and geochemical characteristics, it is argued that similar sources were 
involved but with a larger proportion of sedimentary material for the generation of 
Ordovician S-type granitoids. 
The Silurian S-type granitoids also highlight Hf variability with two stage model 
ages ranging between ~1170 and 1530 Ma for DIO Wolgolla 1, and ~1700-1800 Ma, 
reaching 1900 Ma, for unpublished data from the granite in DIO Ella 1 (GSQ, 
pers.comm, 2014). Such data suggest the reworking of a 1500-1600 Ma Mount 
Painter-type crust, a 1220-1150 Ma Musgrave-type crust and a 1700-1800 Ma and 
minor 1900 Ma Mount Isa underplates. The ~1350 Ma model age for the 
monzogranite of DIO Wolgolla 1 can be explained by the reworking of ~63% of a 
1200 Ma and ~37% of a 1600 Ma crustal source. Like the Ordovician granitoids, the 
source of Silurian granitoids also included a sedimentary or metasedimentary 
material with Pan-African and Grenvillian detrital signature. Ordovician zircon 
inheritance in the Silurian granites also suggests the involvement of an Ordovician 
silicic igneous source. 
Zircons from the Devonian I-type tonalite of AOP Balfour 1 have mantle-like O 
isotopes indicating a crustal source with mantle-like signatures. Their Hf isotopic 
signatures are similar to the Silurian S-type granites but slightly more restricted with 
two-stage model ages ranging between 1200 and 1330 Ma. This suggests the 
reworking of ~59% of a 1200 Ma Musgrave and 41% of a 1330 Ma Mount West 
Orogeny mafic source. Rare zircon inheritance at ~630 Ma suggests that a minor 
Neoproterozoic zircon-bearing source was involved. 
Further to the east, zircons from the Late Devonian-Early Carboniferous Roma 
Shelf granites have two-stage model ages between 1250 and 1450 Ma, crustal O 
isotopic signatures that are more elevated in comparison to Silurian igneous rocks, 
and Ordovician igneous and Pan-African and Grenvillian detrital zircon signatures. 
Outside the Thomson Orogen, the Triassic quartz monzodiorite from AOP Jandowae 
West 1 has mantle-like O isotopic compositions in zircons and two-stage Hf model 
ages ranging between 460 and 670 Ma. These indicate the reworking of Phanerozoic 
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and Neoproterozoic mantle-derived materials. This is further supported by the 
evidence of a late Neoproterozoic (562 Ma) ophiolitic complex in the Marlborough 
province (Bruce & Niu, 2000; Bruce et al., 2000). Rare zircon inheritance also 
indicates the involvement of a source containing Grenvillian age (~1200 Ma) zircons.  
In summary, different Paleoproterozoic and Mesoproterozoic igneous sources were 
reworked during the Ordovician, Silurian, Devonian and Early Carboniferous 
igneous events. These include mantle-derived material added into the crust at ~2400-
2700 Ma as evident in the Mount Isa region, ~2100-2300 Ma in the Mount Painter 
region, ~1900 Ma in the Musgrave Province, during Mount Isa and Mount Painter 
magmatism at 1700-1800 and 1500-1600 Ma, respectively, and during the Mount 
West Orogeny and Musgrave Orogeny. Consequently, Precambrian igneous material 
must lie well east of the Tasman line of Veevers and Powell (1984) and to a lesser 
extent to the Tasman line of Hill (1951), a line that defines the boundary between the 
Precambrian Australian craton in the west and Phanerozoic crust in the east (Direen 
& Crawford, 2003b).  
Additionally, Hf isotopes obtained for subsurface igneous rocks of the Thomson 
Orogen indicate a long-term temporal compositional trend towards more juvenile 
compositions with a shift from ƐHf of ~-15 and -10 in the Cambrian to ~+0 to +5 in 
the Late Devonian-Early Carboniferous (Figure 4.33B). Such a trend highlights the 
lesser contribution of older sources over time. In particular, Archean material is 
involved in the generation of Ordovician igneous rocks, but is no longer required to 
explain Hf isotopic signatures of younger Silurian to Triassic igneous rocks. Like the 
Thomson Orogen, rocks from the Lachlan Orogen exhibit a trend towards more 
juvenile compositions with an ƐHf of ~-10 in the Silurian to ~+10 in the Devonian. 
This trend is, however, much steeper, with a change towards more isotopically 
juvenile signatures over a short period of time (~100 Myr; Figure 4.33B). The 
Thomson and the Lachlan orogens also exhibit distinct Hf isotopic signatures in the 
Ordovician with the strongly juvenile signature of the Macquarie arc in the Lachlan 
Orogen (ƐHf = +10 to +15) versus an radiogenic signature for the subsurface 
Ordovician igneous rocks in the Thomson Orogen (ƐHf = -15 to -5). Igneous rocks 
from the Delamarian Orogen are characterised by more intermediate Hf isotopic 
signatures (ƐHf = -7 to +5) and overlap with the Cambrian DIO Adria Downs 1 
rhyolite (unpublished data, GSQ, pers.comm., 2014). Despite contemporaneous 
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igneous events in the Thomson, Lachlan and Delamarian orogens, Hf isotopic 
signatures are different and highlight variations in the nature of the crustal basement 
for these orogens. 
The occurrence of inherited zircons in most rocks sampled in this study indicate a 
crustal source, either sedimentary or a zircon-bearing silicic igneous rock. This, in 
addition to crustal Hf and O isotopic signatures, and S-type affinities to many 
granites, suggest that the Thomson Orogen is not underlain by oceanic crust as 
proposed by Harrington (1974) and Glen et al. (2013). Instead, these new data 
indicate the crust in this area is continental. The presence of Precambrian inherited 
zircons and two-stage Hf model ages in many of the granitoids studied (Figure 4.32) 
reveal that portions of this continental crust are Precambrian in age. It is also 
important to note that like the two-stage Nd model ages for Eastern Australia 
(Champion, 2013), the two-stage Hf model ages reveal the presence of Proterozoic 
basement to the east of the Tasman line of Veevers and Powell (1984) and to a lesser 
extent to the east of the Tasman line of Hill (1951). 
4.5.5. Heat production capability of crustal materials and nature of the crust 
The nature of the heat-producing material that triggers the large subsurface 
temperature anomaly in southwest Queensland (Chapter 3) was first suggested to be: 
1) a continuation of the Late Carboniferous BLS in southwest Queensland, 2) a 
buried Precambrian crust, which could be the continuation of Paleoproterozoic 
Mount Isa-type of crust, or Grenvillian Musgrave-type of crust. Unpublished whole-
rock chemical data on intersected metasediments in the subsurface Thomson Orogen 
(Purdy, pers.comm, 2012) and results from this study on subsurface granitic rocks 
both indicate relatively low heat production values (<5 µWm
-3
), ruling out the 
possibility that metasediments are high heat-producing. Additionally, the hypothesis 
that the BLS may extent in southwest Queensland can be rejected because of the 
strong contrast in age, mineralogy, and whole-rock chemistry between subsurface 
granitic rocks studied here and HHPGs of the BLS (Section 4.5.1).  
Proterozoic crust in Australia is known to be high-heat producing (McLaren et al., 
2003; McLaren & Powell, 2014). The high-heat producing material causing elevated 
geothermal gradients in southwest Queensland is thus likely to be the buried 
presence of Precambrian type of crust, either Paleoproterozoic or Mesoproterozoic in 
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age as suggested by zircon inheritance and Hf isotopes (Section 4.5.4). However, the 
relatively low heat production values of subsurface granitic rocks sampled in this 
study indicate the source rock was not high heat-producing. This is opposite to what 
is expected, where partial melting of a high heat-producing source rock should 
produce a HHPG. The solution lies in the occurrence of both HHPGs and LHPGs of 
same age in the same region, such as Proterozoic igneous rocks of the Mount Isa 
Inlier (Chapter 2). The nature of the crust beneath the Thomson Orogen, and thus 
large tracts of the subsurface temperature anomaly, is thus interpreted to be 
Precambrian in age (Paleoproterozoic or Mesoproterozoic) and comprising both high 
heat-producing and low heat-producing crustal materials. It is the buried presence of 
this high heat-producing material that is inferred responsible for the large subsurface 
temperature anomaly in southwest Queensland. 
4.6. CONCLUSIONS 
Petrography and whole-rock chemistry of ~25 samples across southwest Queensland 
have identified the dominant presence of I- and S-type granitoids in the subsurface 
Thomson Orogen. None of the studied granite samples are HHP and none relate in 
mineralogy, whole-rock chemistry and age to HHPGs of the BLS. While none of the 
subsurface granitic rocks intersected in Queensland relate to the BLS HHPGs, a 
significant gap of information exists at depths equivalent to the BLS (2.8-5 km). BLS 
equivalents in the Queensland part of the subsurface temperature anomaly could 
therefore occur but have not yet been intersected in deep wells (>3 km) and 
identified. 
U and Th contents in the whole-rock are not only hosted by zircons but by other 
accessory phases such as xenotime, monazite and huttonite. The location of U an Th-
bearing accessory minerals in late alkali-feldspars and interstitially as well as the 
presence of some U and Th-rich rims also suggest that late magmatic processes such 
as fractional crystallisation plays a role. U and Th enrichment in zircon is either 
located in the rim or core of crystals and varies amongst samples and between 
zircons from the same rock sample. This, in association with zircon chemical 
differentiation indices, resorbed zircon CL textures, large morphological variations 
and Ti temperature in zircon and zircon saturation temperature comparisons, suggest 
the significant presence of antecrystic zircons within each granite sample. Identified 
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xenocrystic and antecrystic zircons do not commonly have higher U and Th contents 
in comparison to autocrystic zircons, suggesting that the source rocks did not contain 
U and Th-rich zircons or were not preserved during partial melting. However, it does 
not preclude a HPE-enriched source, as those elements may have been preferentially 
hosted in other accessory phases. Whole-rock U and Th contents and thus HPE 
enrichment are interpreted to be principally source-controlled and not derived by 
fractional crystallisation, because most granitic rocks sampled are highly silicic and 
relatively non-fractionated. 
Zircon inheritance patterns in the Early Carboniferous, Silurian and Ordovician 
granitoids mimic detrital signatures obtained in the outcropping Thomson orogen 
(Fergusson et al., 2007). The co-presence of both Pan-African and Grenvillian age 
populations and crustal O isotopic signatures for zircons indicate the incorporation of 
a sedimentary or metasedimentary source with such detrital signatures. Hf isotopes 
also reveal the presence of Precambrian silicic igneous crust beneath the subsurface 
Thomson Orogen, a portion of which is HHP and has generated the elevated crustal 
heat flows (Chapter 3). Two-stage Hf model ages in the Thomson and the Lachlan 
orogens indicate an overall trend over time towards more isotopically juvenile 
compositions indicating a progressively reduced contribution of older crustal sources 
to granitic magmas. Overall, Hf isotopic signatures for the Lachlan, Thomson and 
Delamarian are different highlighting lateral variations in the age of crustal basement 
beneath these orogens. The presence of inherited zircons and Precambrian silicic 
igneous sources from zircon Hf isotopic compositions both argue against an oceanic 
type of crust as basement for the Thomson orogen as suggested by Harrington (1974) 
and Glen et al. (2013). 
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Chapter 5 Crustal evolution and its 
consequences on heat-producing 
element enrichment / depletion in 
the Bowen-Mackay area: Part 1 - 
petrography and whole-rock 
chemistry of silicic igneous rocks  
5.1. INTRODUCTION 
5.1.1. Crustal evolution and its impact on crust composition and HPE 
Crustal evolution unfolds in a two stage process (e.g., Hofmann, 1988). First, crust 
generation requires the extraction of mantle-derived magmas that are either simply 
added or fractionated to form crust. Second, crustal differentiation (i.e., element 
segregation into the upper and lower crust) takes place by subsequent partial melting 
of the crust, and melt extraction to generate a more silicic-rich and heat-producing 
upper crust, and a more mafic refractory heat-producing elements (HPE)-depleted 
lower crust (Chapter 1). Repeated episodes of magmatic distillation are thus a 
significant mechanism by which the crust becomes differentiated, the upper crust 
attains elevated U, Th and K contents, and hence becomes more heat-producing. 
Time may therefore be a key parameter in the generation of HHPGs, and high heat-
producing upper continental crust. 
Many crustal evolution studies focus on the first-stage of crustal evolution, i.e. 
crustal growth, to determine the timing of crust generation and the rate of continental 
crust production (Hawkesworth & Kemp, 2006a, b; Kemp et al., 2009; Condie & 
Aster, 2010; Cawood et al., 2013; Hawkesworth et al., 2013). This is commonly 
achieved using whole-rock Nd-isotope, and the “zircon record”, specifically U-Pb 
ages, Hf and O isotopes of detrital and igneous origin. 
Fewer studies consider crustal differentiation in detail. Studies on crustal 
differentiation generally focus on determining episodes of crustal growth and crustal 
reworking, and constraining the geological activity of a particular region, potentially 
providing constraints on models for plate reconstruction (e.g., Matte, 1991; Nutman 
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et al., 1996; Chen & Jahn, 1998; Knudsen et al., 2001; Belousova et al., 2009). 
However, these types of studies do not focus on how past igneous events may have 
modified the composition of the continental crust through melt extraction to the 
upper crust or mantle-derived melt injection. Consequently, succeeding crustal 
partial melting events may produce distinctly different magma compositions 
compared with previous magmas generated in the same region. 
Studies that focus on how crustal generation and reworking events affect the 
composition of the crust commonly use the sedimentary record as it averages large 
areas of exposed continental crust and provides a record on rocks that are no longer 
exposed (e.g., Condie, 1993; Taylor & McLennan, 1995; Rudnick & Gao, 2003). 
Those studies are consequently global and do not use, or only use a small proportion 
of the existing igneous rock record. 
Other studies on crustal differentiation use isotopic data on granitic rocks to unravel 
the age and composition of crustal sources of a single igneous event (e.g., Kemp et 
al., 2005b; Villaseca et al., 2012; Miles et al., 2014). Kemp et al. (2009) is one recent 
study investigating the impact of past igneous and tectonic events on the resulting 
composition of granitoids, in particular in regards to I, S and A-type compositions 
within the NEO of Eastern Australia. However, as highlighted by Jeon et al. (2011), 
their model is limited by a lack of data in the Carboniferous, a key time period in the 
crustal evolution history of the NEO. More recently Phillips et al. (2011), combined 
geodynamic settings and granitic magmatism from the Carboniferous to the Triassic 
in the southern portion of the NEO. They concluded that granites are more 
radiogenic in thick orogens and more isotopically juvenile in thin orogens 
highlighting the greater contribution of mantle-derived magmas in the latter. In 
regards to HPE concentrations, McLaren & Powell (2014) studied the evolution of 
HPE on Proterozoic terranes, using a database compilation over the entire Mount Isa 
Inlier. However, the Kemp et al. (2009), Phillips et al. (2011) and McLaren & Powell 
(2014) studies are regional and cover large areas of crust, and thus trends are likely 
influenced by lateral crustal variability, in particular changes in crust composition 
and thickness. 
5.1.2. Nature of crustal sources 
Crustal evolution depends on the nature and fertility of crustal sources, as well as the 
 Chapter 5 175 
thermal regimes, and the type of tectonic settings a particular region has experienced. 
Crustal sources are well-established to be sedimentary or metasedimentary for S-type 
granitic rocks and igneous or metaigneous for I-type granitic rocks (Chappell & 
White, 1974, 2001). In particular, partial melting of greywackes or metapelites is 
well known to generate S-type granitic rocks (Clemens, 2003). On the other hand, 
the source rocks of I-type granitic rocks are suggested to be arc volcanic rocks of 
intermediate composition, and biotite- and hornblende-rich mafic granodiorite and 
tonalite (Clemens et al., 2011). The origin of A-type granites is, however, less 
constrained. As discussed in Section 1.2.2, the protolith of A-type granitoids may be: 
1) a dry and refractory granulitic lower crust (Clemens et al., 1986; Johannes & 
Holtz, 1996), 2) transitional to alkaline mafic to intermediate, mantle-derived 
magmas (Bonin, 2007), 3) an alkali-metasomatized crust (Martin, 2006), 4) a source 
similar to ocean island basalts (OIBs) (Eby, 1992), or 5) a calc-alkaline tonalite or 
granodiorite (Creaser et al., 1991; Patiño Douce, 1997). In most cases, mantle 
sources do not produce HHPG even if highly fractionated (Section 1.2.3), so the 
source proposed by Eby (1992) and Bonin (2007) for the generation of A-type 
granites cannot produce A-type granites enriched in HPE. However, if the mantle 
source has been metasomatised and enriched in volatiles, in a manner similar as 
described by Martin (2006), then A-type granites may be HHP. Such a scenario is 
proposed for the peralkaline granitic rocks of the Galiñeiro Complex of the Iberian 
Hercynian Belt (Montero et al., 1998). 
Chapter 2 highlighted that HHPGs can be either I-, S- or A-type and thus multiple 
type of crustal sources can lead to HPE enrichment. In addition, Chapters 2, 3 and 4 
indicated that the nature of crustal sources strongly control the HPE-enrichment or 
depletion in granitic rocks. The evolution of crustal sources over time consequently 
affects the overall HPE enrichment/depletion in silicic igneous rocks. The role of 
crustal evolution in generating HPE enrichment/depletion in silicic igneous rocks is 
investigated in this Chapter and Chapter 6. 
5.1.3. Fertility of crustal sources 
The fertility of differentiated crustal sources (e.g., granodiorites and tonalites), as 
well as dry and refractory lower granulitic crust, both suggested to be protoliths of A-
type granites, is generally limited due to the low water content and low abundances 
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of hydrous mafic minerals (micas and amphiboles) (Clemens & Vielzeuf, 1987; 
Vielzeuf et al., 1990; Thompson, 1996; Clemens, 2005). To partially melt poorly 
fertile crustal materials, specific conditions such as extremely high temperatures may 
be required. The lower crust can, however, be very fertile in active subduction 
settings (e.g., Hyndman et al., 2005; Tatsumi, 2005).  
5.1.4. The impact of tectonic settings on crustal evolution 
As discussed in Section 1.2.4, tectonic settings can significantly affect continental 
crustal growth by generating magma underplating and intrusion, hydration in 
subduction-related settings, or its destruction by delamination (e.g., Fyfe, 1992; 
Stern, 2011), and subduction erosion (Ranero & von Huene, 2000). Importantly, 
tectonic settings can also modify the composition of the continental crust such as 
through underplating and large volume of mafic magma addition, and partial melting 
events, that may also be associated with deformation processes thinning the crust, 
that collectively contribute to crustal differentiation (Sections 1.2.4, 1.2.5).  
5.1.5. Hypotheses  
By examining long-term compositional trends in granites in a particular region three 
hypotheses can be tested. First, successively younger granites show progressive 
enrichment in HPE that might reflect consecutive partial melting of HPE enriched 
materials. For example, the igneous products of previous partial melting events may 
be successively reworked leading to a continuous increase in heat production over 
time (Figure 5.1A). Second, HPE concentrations over time vary as a result of 
different tectonomagmatic processes. A possibility is that HPE abundances increase 
in extensional tectonic settings where crustal extension and injection of mantle-
derived magmas in the crust triggers extensive crustal remelting at shallow depth 
(upper crustal levels), while HPE abundances decrease in subduction-related settings 
by the addition of mafic to intermediate magmas that have low U and Th abundances 
(Figure 5.1B). However, subsequent remelting of this subduction-related igneous 
crust may produce relatively enriched magmas in U and Th leading to a “zig-zag” 
pattern. Third, repeated reworking of the same source over time leads to a decrease 
of HPE concentrations (Figure 5.1C). At the first partial melting event, incompatible 
HPE are released into the first magma batch therefore reducing the amount of HPE in 
the source. Consequently, in the next partial melting event, the available 
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Figure 5.1. Predicted theoretical patterns of HPE concentrations (CHPE) over time: A. Successive 
reworking of previous igneous products lead to a continuous increase of HPE in granitic rocks over 
time; B. HPE varies over time following a “Zig-zag” pattern as a result of different tectonic settings; 
C. Repeated reworking of the same source lead to an overall depletion of HPE over time. 
concentration of HPE in the source is limited reducing the heat-producing capability 
of subsequent granitic magmas. 
5.1.6. The Bowen-Mackay study – a novel approach 
This study aims to test the role of crustal differentiation and the impact of tectonic 
processes in enriching (or depleting) granitic rocks in HPE over time in an area 
subjected to long-lived igneous activity (>300 Myrs). Queensland is an area with 
prolific magmatism (>175,000 km
2
 of exposed igneous rocks). In particular, granitic 
magmatism is abundant (>81,000 km
2
) and generated in various types of tectonic 
settings and with known HHPGs (Chapter 2). Approximately ten tectonomagmatic 
events of granitic magmatism have occurred in Eastern Queensland during the 
Phanerozoic (Chapter 2). Amongst those, HHPGs occur in the Permo-Triassic 
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(Texas-Stanthorpe; SE-Queensland) and in the Permo-Carboniferous (Georgetown 
Inlier; North Queensland). Consequently, Eastern Queensland is an ideal place to 
study the role of crustal differentiation in generating HPE enrichment in granitic 
rocks (Chapter 1). This study focuses on a small ~200 x 100 km area in central 
Eastern Queensland, near the towns of Bowen and Mackay (Figure 5.2). This 
relatively small area has undergone long-lived and superimposed granitic magmatism 
for 300-400 Myrs, and is thus the optimal place for such study (Chapter 1).  
 
Figure 5.2. Geological map of the study area showing intrusive and extrusive rocks for all 
outcropping igneous events. Local towns (e.g., Bowen, Mackay and Collinsville) are indicated by 
boxed text. Geological provinces are also indicated in italics (e.g., Whitsundays Province) and are 
separated from each other with dashed lines. NEO, New England Orogen. Modified after Allen et al. 
(1997, 1998), Bryan et al. (2004), Bultitude (pers.comm., 2011), Parianos (1993), 1:250000 geological 
maps of Bowen, Ayr, Proserpine, Mackay, Mount Coolon, Carmila and Mirani (Jensen et al., 1966; 
Paine et al., 1968; Clarke et al., 1971b; Gregory et al., 1971; Hutton et al., 1997; Bultitude & Roberts, 
2004; Jensen et al., 2004) and the million scale geological map of Australia (Raymond et al., 2012). A 
layer package of this map is available in Appendix 5.2.  
The approach here is to investigate long-term compositional trends and identify the 
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nature of the sources involved, how they may have changed over time, and how these 
differences affect the heat production of the silicic igneous rocks. This is achieved by 
sampling high-silica igneous rocks, both extrusive and intrusive, of various ages and 
performing a petrographic, whole-rock chemistry, zircon chronochemistry and Hf 
isotopic study. This chapter focuses on field observations, petrography and whole-
rock chemistry. Zircon chronochemistry and Hf isotopic data are presented and 
discussed in the following chapter (Chapter 6). 
5.2. GEOLOGICAL BACKGROUND 
5.2.1. Igneous events in the Bowen-Mackay area 
The Bowen-Mackay area, located in the northernmost part of the New England 
Orogen (NEO), has undergone long-lived and superimposed magmatism over a 
~350 Myr duration (Figures 5.2, 5.3). Broadly, this magmatism occurred along the 
eastern margin of Gondwana (Cawood, 1984). The main episodes of magmatism 
occurred during the Early (370-335 Ma) and Late (330-305 Ma) Carboniferous, 
Permian (295-265 Ma), Triassic (250-225 Ma), Cretaceous (145-100 Ma) and 
Tertiary (35-30 Ma). Magmatism in this area is principally extension-related (Allen 
et al., 1998). 
 
Figure 5.3. Probability density plot of available radiometric ages from the Bowen-Mackay area, 
highlighting all igneous events and major hiatuses; Analyses are from this study and from the 
compiled dataset (See Appendix 2.1). 
Permo-Carboniferous magmatism is believed to have developed in a back-arc to 
intraplate environment (Bain & Draper, 1997; Allen et al., 1998; Allen, 2000; Bryan 
et al., 2001; Bryan et al., 2003; Jell, 2013). Early Triassic magmatism has 
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traditionally been temporally related to the contractional Hunter-Bowen Orogeny 
(Holcombe et al., 1997), however, it was closely followed by post-orogenic 
extensional magmatism with A-type characteristics at least from ~230-235 Ma in 
southeast Queensland to east central Queensland (Stephens, 1992; Stephens et al., 
1993; Purdy, 2009; R. Holcombe, pers.comm., 2014). In the Bowen-Mackay area, 
Triassic magmatism is followed by a ~70 Myr hiatus in magmatic activity before the 
widespread voluminous extensional Cretaceous event. Regionally, a distinct igneous 
event is being increasingly recognised in the middle Jurassic (~160 Ma) as recorded 
by alkali basalts on the offshore Marion Plateau and tuffs in the Walloon Coal 
Measures and intrusive rocks of the Maryborough Basin (Karner and John, 
unpublished data; Kendall, 1992; Isern et al., 2002; Cook et al., 2013). Cretaceous 
magmatism predated, but was related to the opening of the Tasman sea (e.g., Bryan 
et al., 2012). The last igneous event occurring in the Bowen-Mackay region was 
bimodal Tertiary magmatism (~32 Myr ago), which is distinctive from previous 
igneous events by its strong within-plate geochemical signatures (See Johnson et al., 
1989 for review). Regionally, in Eastern Australia, Tertiary magmatic ages are in 
general younger towards the South as explained by the northward movement of the 
Indo-Australian plate and suggesting hotspot sourcing of the alkali-basaltic 
volcanism (Wellman, 1983).  
As a measure of igneous volume, the study area preserves/exposes extensive 
magmatism of Late Carboniferous and Permian age with 3135 and 6413 km
2
 of 
outcropping rocks, respectively (Figure 5.4). In contrast, Early Carboniferous, Early 
and Middle Cretaceous and Tertiary igneous rocks are less abundant with 
outcropping surface areas reaching 695 to 1073 km
2
. Cretaceous igneous rocks are 
much more extensive along the eastern side of the study area (Figure 5.2). Notably, 
Triassic magmatism is rare within the study area forming only 119 km
2
 of igneous 
rock. Overall, intrusive rocks dominate in the Late Carboniferous, Permian, Triassic 
and Early Cretaceous while extrusive rocks are more abundant in the Early 
Carboniferous, Middle Cretaceous and Tertiary (Figure 5.4). 
Airborne radiometrics for the region (Figure 5.5A) highlight variations in HPE 
abundances in exposed granitic rocks. Units such as the Early Carboniferous (e.g., 
Cape Upstart and Curlewis; see Appendix 5.4), the Permian (e.g., Thunderbolt and 
Grant Creek granites), the Cretaceous (e.g., Mount Pring and Hecate granites) and 
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Figure 5.4. Histogram showing the surface area for all igneous associations outcropping in the study 
area. Surface areas for both extrusive (bold numbers) and intrusive rocks (italic numbers) and the total 
area of igneous rock (numbers with framed boundaries) are also indicated. 
the Tertiary (e.g., Cape Hillsborough) have elevated radiometric response suggesting 
elevated heat production values. Other units such as the Early Carboniferous 
Campwyn Volcanics exhibit a low radiometric response. Although airborne 
radiometrics indicate a potential for outcropping HHPG in the study area, available 
whole-rock chemistry indicates only 3 out of 746 analyses (U-Th-K) have heat 
production values >5 μW/m3. These correspond to the Permian Thunderbolt granite 
and to the Middle Cretaceous Mount Pring granite, both of which exhibit a high 
radiometric response. 
Previous studies in this area have produced a large amount of whole-rock chemistry 
(~1120 analyses) and geochronology data (~170 ages). Of the ~1200 (including this 
study) whole-rock chemistry analyses in the study area, 32% are from extrusive 
rocks, 68% are from intrusive rocks and 35% have SiO2 contents >70 wt%. 
Approximately 750 analyses (this study and other studies; Appendix 2.1) provide 
heat production values. 62.5% of analysed rocks are low heat-producing with heat 
production values lower than the average upper continental crust (1.65 μW/m3) of 
Rudnick and Gao (2003), and 37% being moderately heat-producing ranging 
between 1.65 and 5 μW/m3. Despite the high radiometric response of some intrusions 
(Figure 5.5A), only 0.5% possess heat production greater than 5 μW/m3. An 
interesting observation then is that despite the long-lived history of magmatism in the 
region, and the extensive exposure of granitic rocks, HHPGs appear to be scarce 
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Figure 5.5. A. Airborne radiometric image (K-Th-U) illustrating potential high heat-producing 
granites. High radiometric units are in white. B. Magnetic image. Low magnetic responses are 
in blue and high magnetic responses in red. Data source for both airborne and radiometric 
image are from Richardson (2003). 
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suggesting long-lived and repeated episodes of magmatism may be detrimental to 
producing HHPG. This contrasts with the regional geology of the Georgetown Inlier, 
where HHPGs are both Proterozoic and Permo-Carboniferous in age (Chapter 2) 
suggesting that repeated magmatism did not affect the heat-producing character of 
younger granitic rocks. The difference between those regions may relate to the initial 
level of HPE enrichment in the crustal basement, also implying that a minimum level 
of HPE enrichment is required to produce HHPGs (Section 1.2.2). 
5.2.2. Previous studies 
Previous studies have subdivided the area in SW-NE oriented structural blocks. From 
West to East these are: the Bowen Basin, the Connors Arch represented by the 
dominantly Permo-Carboniferous rocks of the Urannah Suite (Allen et al., 1998), the 
Midgeton Block, the Hillsborough Basin, the Airlie Block and the Whitsundays 
Province (Figure 5.2). The following subsections describe selected units encountered 
in the study area for each tectonomagmatic event. 
5.2.2.1. Early Carboniferous (370-335 Ma) 
Early Carboniferous igneous rocks dominantly occur in the east of the study area in 
both the Midgeton and Airlie blocks. These consist of the volcanic-dominated 
Campwyn Volcanics and Edgecumbe Beds with scattered silicic intrusive rocks 
along strike to the northwest at Cape Upstart, Mount Nutt (in Bowen) and Middle 
Hill (SE of Bowen). Early Carboniferous magmatism appears to be bimodal with 
peaks at 50-55 and 70-75 wt% SiO2 (Figure 5.6, see also Bryan et al., 2003). Of all 
the igneous events in the area, Early Carboniferous igneous rocks are the lowest 
heat-producing with heat production values <3 μW/m3 at ~75 wt% SiO2 (Figure 5.7). 
Such low heat production is in contradiction with the high radiometric response 
observed at Cape Upstart and Mount Curlewis (Figure 5.5A). However, silicic 
intrusive rocks from Cape Upstart and Mount Curlewis are the most heat-producing 
rocks observed in the Early Carboniferous with heat production values between 1.7-
2.73 μW/m3, versus 1.1-1.9 μW/m3 and 0.9-1.8 μW/m3 for the Edgecumbe Beds and 
Campwyn Volcanics, respectively. 
5.2.2.2. Late Carboniferous (330-305 Ma) 
Several intrusive units of Late Carboniferous age outcrop dominantly in the Connors 
Arch (e.g., Tommy Roundback granodiorite, Milwarra quartz diorite, Tally-Ho  
 184 Chapter 5 
 
Figure 5.6. Frequency curves of silica content for each igneous event. Note the majority of events 
appear bimodal (e.g., Tertiary, Middle Cretaceous and Permo-Carboniferous) while the Early 
Cretaceous show a more intermediate compositional peak and the Triassic is principally rhyolitic. 
 
Figure 5.7. Heat production spectrums for each igneous event. Note that the most heat-producing 
igneous rocks have high silica content. (Compiled dataset (Appendix 2.1) + this study) 
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igneous complex). Extrusive rocks outcrop in the southern part of the Midgeton 
block (close to Mackay; Connors Volcanic Group) and on the western part of the 
Bowen Basin (Bulgonunna Volcanics; Oversby, 1997). Like Early-Carboniferous 
igneous activity, Late Carboniferous magmatism is bimodal with peaks at 55-60 and 
70-75 wt% SiO2 (Figure 5.6). 
5.2.2.3. Permian (295-265 Ma) 
Permian igneous rocks are extensive (Figure 5.4), outcropping mainly in the Connors 
Arch, where they are intruded by an extensive dyke swarm (Allen, 2000). Extrusive 
rocks are located east and west of the Connors arch with The Airlie Volcanics 
(Clarke et al., 1971a) in the northern part of the Airlie block, the widespread Carmila 
beds in the Midgeton block, and the Lizzie Creek Volcanics in the westernmost part 
of the Connors arch at the edge of the Bowen Basin. Again, Permian magmatism is 
bimodal with peaks at 55-60 and 70-75 wt% SiO2 (Figure 5.6). Permian igneous 
rocks are amongst the most heat-producing in the study area with heat production 
values reaching >5 μW/m3 at high-silica content (>75 wt% SiO2) and >4 μW/m
3
 at 
~70 wt% SiO2 (Figure 5.7). 
5.2.2.4. Triassic (250-225 Ma) 
In the southern part of the NEO and outside the study area, Early and Middle Triassic 
(~260-235 Ma) igneous rocks are dominantly andesitic and calc-alkaline in 
composition (Holcombe et al., 1997). Late Triassic magmatism (~230-220 Ma) has 
been recognised in the southern part of the NEO but has not yet been identified in the 
its northern part of the NEO (with the exception of doubtful Rb-Sr ages that likely 
represent cooling or thermally disturbed ages; Webb and McDougall, 1968, Ewart et 
al., 1992, Parianos, 1993). Late Triassic magmatism is characterised by dominantly 
silicic compositions and was interpreted to be emplaced in a post-orogenic 
extensional tectonic environment (Stephens et al., 1993). Late Triassic magmatism is 
also characterised by the emplacement of granitic rocks with A-type signatures 
(Stephens, 1992; Stephens et al., 1993; Purdy, 2009). The transition between Early-
Middle Triassic and Late Triassic magmatism is interpreted as a fundamental change 
of tectonic setting caused by slab roll-back (Holcombe et al., 1997). 
In the study area, Triassic magmatism is dominantly silicic (~75-80 wt% SiO2; 
Figure 5.6), and particularly rare, only outcropping along the coast. Triassic intrusive 
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and extrusive rocks are recorded in the East as silicic intrusions and flow banded 
rhyolites (e.g., Gloucester, Nelly Bay, Shaw and Knight islands and Mount Rooper, 
Ewart et al., 1992; Parianos, 1993; Allen et al., 1998) and in the West as mafic dykes 
intruding earlier Permo-Carboniferous plutons of the Urannah suite (Allen, 2000). 
However, the latter ages on dykes could again represent reset ages. 
5.2.4.5. Cretaceous (145-100 Ma) 
Cretaceous igneous rocks in the study area are essentially related to the Whitsunday 
Silicic Large Igneous Province (Ewart et al., 1992; Bryan et al., 1997; Bryan et al., 
2000; Bryan et al., 2012; Cook et al., 2013). There is a strong demarcation in 
erosional level across the Hillsborough Basin, with > 4 km  thick volcanic sections 
occurring to the east  (Whitsunday and Proserpine Volcanics of Clarke et al., 1971), 
whereas intrusive rocks dominate to the west in the Connors Arch (Bryan et al., 
2012). These intrusions are principally Early Cretaceous (e.g., Hecate granite, Mount 
Pleasant, Highlanders Bonnet) and only a few are presently dated as Middle 
Cretaceous (e.g., Mount Abbott and Mount Pring). Middle Cretaceous (125-100 Ma) 
intrusions are located principally along the eastern coast (Horseshoe Bay, Flagstaff 
Hill close to Bowen, Halliday bay near Mackay) and are more coeval with the 
volcanics. Early Cretaceous intrusive rocks (dominantly granitoids and minor dykes) 
in the study area are dominantly intermediate in composition (60-65 wt% SiO2; 
Figure 5.6) while Middle Cretaceous magmatism is bimodal with peaks at 50-55 and 
70-75 wt% SiO2 (Figure 5.6; see also Bryan et al., 2000). Middle Cretaceous igneous 
rocks are, like the Permian, amongst the most heat-producing in the study area, with 
heat production reaching 6 μW/m3 at > 75 wt% SiO2) and ~4 μW/m
3
 at ~72-73 wt% 
SiO2 (Figure 5.7). 
5.2.4.6. Tertiary (35-30 Ma) 
Tertiary igneous rocks are relatively abundant in the Bowen Basin and also occur 
along the coast near Mackay, where extrusive rocks outcrop at Cape Hillsborough 
and intrusive rocks are located inland towards Mount Jukes and Mount Blackwood. 
Tertiary magmatism is bimodal with peaks at 50-55 and 70-78 wt% SiO2 (Figure 
5.6). Tertiary volcanics and sedimentary rocks fill the Hillsborough Basin, an 
asymmetric transtensional graben developed in response to sinistral strike slip fault 
in the late Cretaceous and Tertiary (Clarke et al., 1971a; McDougall & Slessar, 1972; 
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Ewart et al., 1992; Parianos, 1993; Allen et al., 1997; Allen et al., 1998; Allen, 2000; 
Bryan et al., 2000; Bryan et al., 2003). 
5.3. METHODOLOGY 
Sampling selection focussed on developing a more complete and well-constrained 
temporal spectrum of granitic rocks from this region to better constrain the role of 
crustal differentiation and tectonic controls on causing enrichment or depletion of 
HPE in granites. To study the evolution of the continental crust and its consequences 
on HPE concentration over time, a significant number of igneous rock samples for all 
igneous events were collected. Whenever possible, high-silica content (>70 wt%) 
rocks were collected to avoid the variation of silica composition as a factor when 
considering the evolution of HPE through time. This is because high-silica igneous 
rocks have the higher HPE concentration and calculated heat production values 
(Figure 5.7, 1.2). Sampling targets for field work were determined following a 
review and analysis of current literature (Figure 5.8A and Appendix 2.1, columns IG 
and IH) to identify gaps in knowledge and to ensure sufficient sampling of each 
major age grouping. Appendix 2.1 provides all whole-rock chemical and 
geochronological data analyses available to date and Appendix 5.4 provides a 
summary of field observations. Figure 5.8A indicates all previous analyses organised 
by tectonomagmatic event and Figure 5.8B provides the locations of samples studied 
here. 
98 samples were collected from the study area. For petrography, 76 polished 
thin- sections and 22 standard thin-sections were prepared. Seventy-six samples were 
selected for whole-rock chemistry (major and trace elements) and sixteen samples 
were selected for zircon U-Pb dating and zircon Hf isotopic analysis (Figure 5.8B). 
Petrography of the igneous rocks was described using a variety of tools such as 
magnetic susceptibility, point counting of thin sections, and identification of REE 
and U-, Th-bearing accessory minerals under the SEM. Nineteen samples were 
analysed by SEM-EDS to characterise accessory mineral and mineral compositional 
variation over time. Representative SEM-EDS analyses are given in Appendix 5.7. 
Point counting of 21 granitic rocks with age constraints was performed on 2-4 rocks 
for each igneous event grouping with point count data reported in Appendix 5.3. All 
major and trace element analyses are normalised to 100% on an anhydrous basis and 
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Figure 5.8. A. Existing whole-rock chemistry and geochronology data for all igneous rocks in the 
Bowen-Mackay area organised by igneous events. B. Location of sampled igneous rocks with 
indications on the methods applied: in particular, zircon chronochemistry (Chapter 6), whole-rock 
chemistry and thin section petrography; C Bar chart indicates the number of samples collected and 
analysed for each methodology and igneous event. 
are reported in Appendix 5.6. Further details on rock sample preparation, whole- 
chemistry, point counting and SEM-EDS analyses are given in Appendix 1.1. 
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5.4. RESULTS 
5.4.1. Field observations 
Field observations for each unit encountered in the study area are summarised in  
Table 5.1 and further details are given in Appendix 5.4. Early Carboniferous 
intrusive rocks at the northern tip of the Cape Upstart exhibit remarkable magma 
mingling textures (Figure 5.9A) reflecting the contemporaneity of mafic and silicic 
magmas. Late Carboniferous intrusions are easily distinguished by their 
characteristic foliation (Figure 5.9B). Permian granitic rocks typically outcrop as 
large whalebacks or boulders (Figure 5.9C). Most Triassic igneous rocks, both 
intrusive and extrusive, are oxidised and exhibit a diagnostic red colour. Middle 
Cretaceous intrusive igneous rocks commonly exhibit miarolitic cavities and 
pegmatitic patches (Figure 5.9D). 
Table 5.1. Summary of field observations per tectonomagmatic event. 
 M/P1 Foliation Enclaves Joints2 Magnetic 
susceptibility3 
Dykes  Radiometric 
response 
Early 
Carboniferous 
No No Common Yes 16×10-3 M & S4 High for intrusive 
rocks; low for 
extrusive rocks 
Late 
Carboniferous 
No Yes Common No 24×10-3 M & S Moderate 
Permian No No Common No 24×10-3 M & S High 
Triassic No No No Yes <1×10-3 M & S Moderate 
Early Cretaceous No No Some No 22×10-3 M & S Moderate 
Middle 
Cretaceous 
Yes No Rare No 18×10-3 Mafic High 
Tertiary No No Some No <3×10-3 No Moderate 
1M/P: Miarolitic or Pegmatitic patches 
2Fractures 
3These are values for igneous rocks with SiO2>70wt%; average value; SI unit 
4M & S: Mafic and silicic dykes 
Two groups are recognised based on mineralogy and whole-rock composition. 
Group 1 (Permo-Carboniferous and Early Cretaceous) high-silica igneous rocks 
(SiO2 >70 wt%) exhibit a wide range of magnetic susceptibility reaching values as 
high as ~15-20x10
-3
 SI (Figure 5.10). In contrast, Group 2 (Triassic, Middle 
Cretaceous and Tertiary) igneous rocks are characterised, to the exception of the 
Middle Cretaceous, by very low magnetic susceptibility. This low magnetic 
susceptibility could, however, reflect oxidative alteration. 
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Figure 5.9. Representative outcrop photos; A. Mingling observed in the Early Carboniferous Cape 
Upstart granodiorite (close to CAP-07 site; 55S 579269 7820730); hammer at the centre of the image 
is 28.5 cm long; B. Strong foliation and presence of mafic enclaves in the Late Carboniferous Mount 
Crompton granodiorite (CRO-01; 55S 644376 7704385); Notebook is 20 cm long; C. Large 
whaleback exhibiting exfoliation in the Permian Grant Creek granite (GRA-01; 55S 636594 
7699554); Notebook is 20 cm long; D. Miarolitic cavity in the Middle Cretaceous Mount Pring 
Granite (PRI-02; 55S 617751 7787237); Hand lens is 3.5 cm long. 
 
Figure 5.10. Average magnetic susceptibility over time for SiO2 >70wt%; 5 to 20 analyses per sample 
were averaged. 
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5.4.2. Petrography 
Most samples studied are hornblende and/or biotite bearing granitic rocks. Some 
silicic volcanics, such as flow-banded rhyolite, ignimbrite or obsidian and a few 
basaltic to intermediate igneous rocks were also collected. The sections below 
summarize key petrographic characteristics and further details on the petrography of 
selected rock samples are available in Appendix 5.5.  
Group 1 (Early, Late Carboniferous, Permian and Early Cretaceous) igneous rocks 
possess a high proportion of plagioclase and mafic minerals such as biotite and 
hornblende, and a low abundance of alkali-feldspar (Figure 5.11A). Exceptions to 
this are Mount Curlewis and Mount Nutt granites, for which the proportion of alkali-
feldspar is higher and the proportion of plagioclase and biotite are lower. Likewise, 
biotite, plagioclase and alkali-feldspar compositions are similar for those three 
tectonomagmatic events. Biotites have a distinctive Mg# of 20-40, anorthite content 
of plagioclases reach 60% and alkali-feldspars are almost pure orthoclase with 93 to 
99% Or (Table 5.2; Appendix 5.7). Group 1 igneous rocks have very similar 
mineralogical features with strong oscillatory zoning, common patchy zoning and 
resorbed cores to plagioclase (Figure 5.12A), and many exhibit uralitisation features, 
i.e. replacement of clinopyroxene by amphibole (Figure 5.12B). 
In contrast, Group 2 (Triassic, Middle Cretaceous and Tertiary) igneous rocks 
exhibit a wide range of characteristics. Triassic intrusive rocks have alkali-feldspar 
inclusions in plagioclase as well as late stage perthite (Figure 5.12C). Plagioclase 
crystals are rare and unzoned (Figure 5.12C). Triassic granitoids are characterised by 
a remarkably high proportion of alkali-feldspar (41-63 vol%), low plagioclase 
content (<16 vol%) and by a lack of titanite. The composition of biotite, plagioclase 
and alkali-feldspar are strikingly different to the Permo-Carboniferous granitoids. In 
particular, biotite has a low Mg# (<18), plagioclase crystals are pure albite (due to 
alteration) and alkali-feldspars are more sodic-rich with 65 to 95% Or (Table 5.2; 
Appendix 5.7). Middle Cretaceous igneous rocks are distinctive by their unzoned 
plagioclase, their low abundance of biotite, hornblende and plagioclase, and high 
abundance of alkali- feldspar. Biotite compositions are similar to those from Triassic 
igneous rocks, with Mg#<23. Plagioclase compositions are Na-rich and are almost 
pure albite (<6% anorthite) and alkali-feldspar are almost pure orthoclase (Table 5.2; 
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Figure 5.11. Summary of mineral percentages using point counting and CIPW; A. Mineral 
percentages over time; B. QAP diagram using point count data; C. QAP diagram using CIPW data. 
Whole-rock chemistry data used for CIPW are from this study and two unpublished analyses from a 
joint GA-GSQ project (RGB1055 and 1953975). Note the difference between the two QAP diagrams, 
possibly reflecting a higher degree of alteration and loss of K. 
 
Table 5.2. Key mineralogical composition (SEM-EDS) per tectonomagmatic event; Accessory 
minerals are presented in Table 5.3; Values for % orthoclase are minimum and maximum averages of 
analyses done on a single sample. Values for % anorthite and Mg# biotite are minimum and maximum 
for all analyses of a particular event. 
Event % Orthoclase % Anorthite Mg# biotite 
Early Carboniferous 93-95 <61 33-39 
Late Carboniferous 96-99 8-62 21-39 
Permian 92-98 20-41 31-38 
Triassic 65-95 No Ca detected <18 
Early Cretaceous 86-97 <74 35-56 
Middle Cretaceous 98-100 <6 <23 
Tertiary 57-62 - <19 
 
Appendix 5.7). Tertiary granitoids have late K-rich rims surrounding euhedral 
plagioclase (Figure 5.12D), a low abundance of biotite, hornblende and plagioclase, 
and a high abundance of alkali-feldspar (Figure 5.11A). Tertiary igneous rocks are 
also devoid of titanite. The Tertiary BEL-02 obsidian is characterised by the 
occurrence of both fayalite and quartz. Similar to the Triassic and Middle Cretaceous  
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Figure 5.12. Cross polar microphotographs A. Plagioclase with oscillatory and patchy zoning and a 
resorbed core. Early Cretaceous Mount Pleasant (PLEA-01); B. Uralite, relict of clinopyroxene in 
hornblende Early Carboniferous Tally-Ho Igneous Complex (TH-03); C. Unzoned plagioclases 
cluster surrounding alkali-feldspar. Note the euhedral alkali-feldspar within plagioclase. Triassic Shaw 
granite (SH39); D. K-rich rim surrounding a euhedral plagioclase. Tertiary Mount Blackwood (BLA-
02). Abbreviations: Pl, plagioclase; Qtz, quartz; Cpx, clinopyroxene; Hb, hornblende; Afs, alkali-
feldspar. 
igneous rocks, biotite compositions are characterised by a low Mg# (<19). Alkali-
feldspars are distinctively Na-rich (Table 5.2; Appendix 5.7). 
5.4.3. Accessory phases 
Zircons contain U and Th, but their concentration in zircon is limited in comparison 
to other accessory minerals such as monazite, allanite, xenotime, thorite and 
cheralite. This section focuses on SEM-EDS analyses of accessory phases. Section 
6.4.4 examines U and Th enrichment in zircons based on LA-ICP-MS analyses. 
Group 1 igneous rocks include ubiquitous accessory phases such as zircon, apatite, 
titanite and monazite (Figures 5.13A, B), but also less common minerals like allanite, 
xenotime, and minerals belonging to the monazite, cheralite and huttonite solid 
solutions (Figures 5.13B to G). In contrast Group 2 igneous rocks include, in 
addition to the minerals previously listed (Figures 5.13H to J), exotic accessory  
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Table 5.3. Nature of accessory mineral phases. UO2 (Bold) and ThO2 (italic) contents are indicated in wt% when detected. Zircon is ubiquitous in all samples but do not 
contain anomalous U and Th contents, and is therefore not listed in this table. Huttonite and cheralite are isostructural with monazite. 100% normalised analyses are 
available in Appendix 5.7. 
Sample Uraninite Thorite/Huttonite Monazite Cheralite Allanite Xenotime Fluoroapatite Titanite Others 
 UO2 ThSiO4 (Ce, La)PO4 (REE,Th,Ca,U) 
(P,Si)O4 
(Ce,Ca,Y)2(Al,Fe
2+,Fe3+)
3 
(SiO4)3OH 
YPO4 Ca5(PO4)3F CaTiSiO
5 
 
CAP-04 - - Y-rich; Max. 
43 wt% ThO2 
Max. 45 wt% 
ThO2 
- Max. 13 wt% 
ThO2; 
2 wt% UO2 
Max. 27 wt % ThO2 - - 
MH-01 - - √ - - - √ √ - 
CUR-02 - - - - - - √ √ - 
HECT-01 - - - - Max. 1 wt% ThO2 - √ √ - 
VIO-01 - 55-60 wt% ThO2 - - No Fe; 6-7 wt% ThO2 - √ √ - 
BN-02 - 55-60 wt% ThO2; 5-6 
wt% UO2 
- - Max. 1 wt% ThO2 √ √ √ - 
LN-02 - ~70 wt% ThO2 11-25 wt% 
ThO2 
Max. 22 wt% 
ThO2 
3-4 wt% ThO2 - √ √ - 
GRA-01 - ~70 wt% ThO2; 7 
wt% UO2 
- 15 wt% ThO2 Max. 10 wt% ThO2 - √ √ - 
GLO-02 - ~48 wt% ThO2; 4 
wt% UO2 
- Y-rich; Max. 10 
ThO2 
Max. 8 wt% ThO2 - Max. 7 wt% ThO2 √ - 
ROO-02 - ~53 wt% ThO2 Y-rich - 1 wt% ThO2 - √ - Parisite-Nd
5; Max. 4 
wt% ThO2; Rutile 
SH47 - ~46 wt% ThO2; 3 
wt% UO2 
Y-rich; Max. 
13 wt% ThO2; 
0.1 wt% UO2 
- - - √ - Rutile 
PLEA-01 - ~45 wt% ThO2 √ Max. 43 wt% 
ThO2 
√ - √ √ - 
ROU-02 - - - - √ - √ √ - 
HB-01 - - 10 wt% ThO2 -  - √ √ - 
PRI-01 Max. 72 
wt% UO2 
30-80 wt% ThO2 Max. 36 wt% 
ThO2 
- - - √ - Samarskite3 (Pb-
rich); Max. 12 w% 
UO2; Uranoan Zr-rich 
thoriopyrochlore6 
HAB-01 - 10-70 wt% ThO2; 4 
wt% UO2 
- - - - √ √ Fluocerite2 (Y+Nd-
rich); Cassiterite 
BEN-01 Max. 52 
wt% UO2 
10-70 wt% ThO2 - - - - √ √  
BEL-02 - - - - - - √ - Chevkinite1, Fluorite 
BLA-02 - - - - - - √ - Chevkinite1; 
synchysite4; Rutile 
1 Chevkinite (Ca,Ce,Th)4(Fe
2+,Mg)2(Ti,Fe
3+)3Si4O22   
4 Synchysite (Ce,La)Ca(CO3)2F 
2 Fluocerite (Ce,La)F3    
5 Parisite-Nd Ca (Nd,Ce,La)2 (CO3)3F2 
3 Samarskite (Y,Ce,U,Fe)(Nb,Ta,Ti)2(O,OH)6     
6 Uranoan Zr-rich thoriopyrochlore A2-mB2O6(O,OH,F)1-n.pH2O, where Ca, Na, K, Cs, Th, U, REE, Y, Ba, Sr, Pb, Mg, Mn, Bi, Sb, Sn
2+ and Fe2+ can occupy site A, Nb, Ti, Ta, Zr, Hf, Fe3+, Sn4+, Si and Al can occupy 
site B (Sharygin et al., 2009). 
Grey shaded samples are Group 1 samples, unshaded Group 2. 
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Figure 5.13. Selected BSE images of accessory phases. A. Euhedral monazite, apatite and zircon in 
plagioclase host (Early Carboniferous MH-01). B. Subhedral to euhedral U-rich huttonite, apatite and 
zircon in Late Carboniferous BN-02. C. Monazite/cheralite/huttonite  and xenotime as a by-product of 
apatite dissolution in Early Carboniferous CAP-04. D. Euhedral huttonite in quartz (Permian GRA-
01); Note the change of composition from core to rim (refer to site 25 and spectrums 182, 183 and 184 
in Appendix 5.7). E. Euhedral huttonite growing on zircon and hosted in biotite (Permian GRA-01); 
note the radioactive halo surrounding huttonite. F. Th-rich monazite as a by-product of apatite 
dissolution (Permian LN-02), both are included in a large Th-rich allanite. G. Xenotime and huttonite 
in quartz (Permian BN-02). H. Zoned euhedral crystal of allanite in biotite (Triassic GLO-02). 
I. Huttonite in biotite (Triassic GLO-02). J. Fibrous huttonite associated with apatite and zircon 
(Triassic GLO-02). K. Uranoan Zr-rich thoriopyrochlore in biotite (Middle Cretaceous PRI-01).
 
L. uraninite in alkali-feldspar (Middle Cretaceous BEN-01). M. Samarskite in quartz (Middle 
Cretaceous PRI-01). N. Fluocerite in plagioclase (Middle Cretaceous HAB-01). O. Parisite-Nd in 
quartz (Triassic ROO-02). P. Synchysite (Tertiary BLA-02). Abbreviations: Bt, biotite; Pl, 
plagioclase; Mt, magnetite; Qtz, quartz; Zrn, zircon; Ap, apatite; Hut, huttonite; Xtm, xenotime; Mnz, 
monazite; Ttn, titanite; Ch, cheralite; Aln, allanite; Syn, synchysite. 
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phases such as samarskite ((Y,Ce,U,Fe)(Nb,Ta,Ti)2(O,OH)6), fluocerite ((Ce,La)F3), 
parisite-Nd (Ca(Nd,Ce,La)2(CO3)3F2), chevkinite ((Ca,Ce,Th)4(Fe
2+
,Mg)2(Ti,Fe
3+
)3 
Si4O22), synchysite ((Ce,La)Ca(CO3)2F) and uranoan Zr-rich thoriopyrochlore (A2-
mB2O6(O,OH,F)1-n.pH2O, where Ca, Na, K, Cs, Th, U, REE, Y, Ba, Sr, Pb, Mg, Mn, 
Bi, Sb, Sn
2+
 and Fe
2+
 can occupy site A, and Nb, Ti, Ta, Zr, Hf, Fe
3+
, Sn
4+
, Si and Al 
can occupy site B (Sharygin et al., 2009) (Figures 5.13K to P, Table 5.3). 
As reported in Chapter 4, U and Th contents are high in huttonite, uraninite, 
monazite, cheralite, allanite, xenotime, and apatite but also in parisite-Nd and 
samarskite (Table 5.3). No U- or Th-bearing minerals were detected in the Tertiary 
Belmunda obsidian (BEL-02). However, U and Th contents in BEL-02, and other 
Tertiary silicic igneous rocks, are high in comparison to other igneous rocks studied 
here (Section 5.4.4.4). LA-ICP-MS analyses of the glass have indicated a high U and 
Th content of ~8-9 ppm and 16-22 ppm, respectively (Error! Reference source not 
ound.). The glass represents 80% of the bulk rock, which by mass balance 
calculation explains the ~6.3 ppm bulk-rock U content. 
For each rock sample, U and Th-bearing accessory phases are hosted in a wide 
variety of minerals like plagioclase, biotite, quartz, alkali-feldspar, as well as 
interstitially. Consequently, the location of U- and Th-bearing minerals in both early 
and late crystallising minerals suggests that U- and Th-enrichment is both source- 
and fractional crystallisation-controlled. 
5.4.4. Whole-rock chemistry 
Whole-rock chemistry is used here to track the evolution of heat production over 
time in the Bowen-Mackay area. Mineralogical observations indicate two 
petrological groups: 1) Permo-Carboniferous and Early Cretaceous igneous rocks, 
and 2) Triassic, Middle Cretaceous and Tertiary igneous rocks. Group 1 silicic 
igneous rocks are characterised by a high proportion of plagioclase and mafic 
minerals (e.g., biotite and hornblende), distinctive zoned plagioclase crystals with 
resorbed cores, biotite with elevated Mg#, Ca-rich plagioclase and potassic-rich 
alkali-feldspars (Sections 5.4.1 to 5.4.3). Group 2 silicic igneous rocks have a high 
proportion of alkali-feldspar and low abundances of plagioclase (lacking zoning) and 
mafic minerals. Mineral compositions are also distinctive with low Mg# in biotite, 
high Na-contents in plagioclase. Additionally, the nature of accessory minerals in 
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Table 5.4. LA-ICP-MS analyses of obsidian glass. Analyses 9 to 12 correspond to point analyses and analyses 104 to 119 correspond to line analyses. 
Analysis 
name 
BEL-02-
Glass_9 
BEL-02-
Glass_10 
BEL-02-
Glass_11 BEL-02-Glass_12 
BEL-02-
Glass_104 
BEL-02-
Glass_107 
BEL-02-
Glass_111 
BEL-02-
Glass_113 
BEL-02-
Glass_116 
BEL-02-
Glass_119 
Duration (s) 29.189 29.189 30.128 29.659 368.69 186.94 228.49 327.15 192.14 29.13 
Si (CPS) 34000 +/- 1600 31300 +/- 1400 31300 +/- 1400 37600 +/- 1100 25980 +/- 530 26630 +/- 720 28680 +/- 660 29830 +/- 570 30170 +/- 880 28600 +/- 1800 
Na (wt%) 4.09 +/- 0.3 3.93 +/- 0.32 0.46 +/- 0.027 2.54 +/- 0.12 5.35 +/- 0.17 4.71 +/- 0.2 4.83 +/- 0.17 4.86 +/- 0.14 5.03 +/- 0.23 4.59 +/- 0.47 
Al (wt%) 4.63 +/- 0.28 4.65 +/- 0.26 5.23 +/- 0.26 5.46 +/- 0.17 4.91 +/- 0.11 4.73 +/- 0.15 4.37 +/- 0.11 4.339 +/- 0.095 4.17 +/- 0.13 4.68 +/- 0.44 
Ca (wt%) 0.085 +/- 0.026 0.102 +/- 0.025 0.197 +/- 0.03 0.106 +/- 0.019 0.17 +/- 0.01 0.189 +/- 0.017 0.132 +/- 0.01 
0.1415 +/- 
0.0087 0.108 +/- 0.01 0.115 +/- 0.026 
K (wt%) 1.67 +/- 0.12 1.38 +/- 0.11 2.54 +/- 0.15 1.229 +/- 0.057 0.0911 +/- 0.003 0.108 +/- 0.005 
0.1056 +/- 
0.0038 
0.1218 +/- 
0.0037 
0.1463 +/- 
0.0064 0.188 +/- 0.019 
Fe (wt%) 0.934 +/- 0.06 0.85 +/- 0.064 0.707 +/- 0.04 0.677 +/- 0.027 
0.1453 +/- 
0.0039 
0.1569 +/- 
0.0058 0.156 +/- 0.0052 0.154 +/- 0.0038 0.1785 +/- 0.007 0.213 +/- 0.022 
Mg (ppm) 2.27 +/- 0.71 1.89 +/- 0.65 5.8 +/- 1.2 1.88 +/- 0.51 4.93 +/- 0.41 8.5 +/- 1.6 2.91 +/- 0.29 5.82 +/- 0.84 5.2 +/- 0.5 6 +/- 1.4 
P (ppm) 12.1 +/- 3.6 14.2 +/- 3.3 16.4 +/- 3.4 18.4 +/- 2.1 12.91 +/- 0.98 22.8 +/- 1.4 26.9 +/- 1.2 26.37 +/- 0.92 20.7 +/- 1.2 13.4 +/- 3 
Ti (ppm) 528 +/- 36 561 +/- 44 584 +/- 32 590 +/- 28 25.49 +/- 0.65 28.6 +/- 1.1 30.9 +/- 1 37.87 +/- 0.96 60.2 +/- 2.3 84.5 +/- 8 
Rb (ppm) 246 +/- 20 228 +/- 13 135.6 +/- 7.9 195.9 +/- 8 253.7 +/- 7.9 245 +/- 10 243.3 +/- 8.6 229.2 +/- 6.6 243 +/- 12 240 +/- 26 
Sr (ppm) 0.077 +/- 0.025 0.108 +/- 0.032 29.2 +/- 1.7 0.194 +/- 0.043 0.53 +/- 0.045 1.73 +/- 0.32 0.362 +/- 0.061 0.456 +/- 0.055 0.55 +/- 0.13 0.46 +/- 0.12 
Zr (ppm) 444 +/- 26 435 +/- 24 493 +/- 26 524 +/- 17 278 +/- 5.7 275.1 +/- 7.5 274.2 +/- 6.6 289 +/- 5.5 349 +/- 11 383 +/- 28 
La (ppm) 27.1 +/- 1.4 26.9 +/- 1.3 31.6 +/- 1.8 30.9 +/- 1.1 34.79 +/- 0.75 32.5 +/- 0.86 29.21 +/- 0.73 27.47 +/- 0.57 26.39 +/- 0.77 26.7 +/- 1.9 
Ce (ppm) 82 +/- 4.1 85.3 +/- 5.4 93.8 +/- 4.7 93.2 +/- 3 91.4 +/- 2.1 90.5 +/- 2.7 85.6 +/- 2.3 83.7 +/- 1.8 85.3 +/- 2.6 84.5 +/- 5.8 
Pr (ppm) 9.08 +/- 0.52 9.26 +/- 0.54 10 +/- 0.59 10.06 +/- 0.42 9.82 +/- 0.22 9.5 +/- 0.29 8.81 +/- 0.22 8.55 +/- 0.18 8.19 +/- 0.25 8.39 +/- 0.52 
Nd (ppm) 37 +/- 2.2 37.1 +/- 2.2 42.1 +/- 2.7 43.1 +/- 1.7 41.1 +/- 0.94 40 +/- 1.2 36 +/- 0.99 34.39 +/- 0.75 34.8 +/- 1.1 35.5 +/- 2.5 
Sm (ppm) 10.85 +/- 0.83 10.69 +/- 0.97 12.2 +/- 1 12.37 +/- 0.88 11.47 +/- 0.32 11.05 +/- 0.43 10.31 +/- 0.35 9.83 +/- 0.27 9.84 +/- 0.39 9.81 +/- 0.96 
Eu (ppm) 0.044 +/- 0.023 0.054 +/- 0.024 0.022 +/- 0.014 0.053 +/- 0.02 
0.0501 +/- 
0.0082 
0.0393 +/- 
0.0089 
0.0455 +/- 
0.0086 
0.0227 +/- 
0.0046 0.0282 +/- 0.007 0.026 +/- 0.017 
Gd (ppm) 11.51 +/- 0.81 10.72 +/- 0.88 12.9 +/- 1.1 13.88 +/- 0.79 12.96 +/- 0.37 12.27 +/- 0.46 11.25 +/- 0.37 10.73 +/- 0.3 10.83 +/- 0.43 10.93 +/- 0.94 
Tb (ppm) 1.94 +/- 0.16 1.72 +/- 0.12 2.08 +/- 0.14 2.09 +/- 0.13 2.133 +/- 0.058 2.006 +/- 0.073 1.886 +/- 0.059 1.762 +/- 0.048 1.84 +/- 0.071 1.82 +/- 0.16 
Dy (ppm) 11.69 +/- 0.9 11.68 +/- 0.8 13.74 +/- 0.83 14.06 +/- 0.73 16.52 +/- 0.41 14.96 +/- 0.49 13.42 +/- 0.4 12.25 +/- 0.31 12.02 +/- 0.45 11.9 +/- 1.1 
Er (ppm) 6.49 +/- 0.49 6.83 +/- 0.48 7.67 +/- 0.44 8.24 +/- 0.43 8.47 +/- 0.23 7.61 +/- 0.28 7.06 +/- 0.23 6.36 +/- 0.17 6.39 +/- 0.24 6.39 +/- 0.57 
Yb (ppm) 5.46 +/- 0.42 5.66 +/- 0.44 6.04 +/- 0.58 6.63 +/- 0.37 10.49 +/- 0.31 8.84 +/- 0.36 7.72 +/- 0.28 6.41 +/- 0.2 5.74 +/- 0.25 5.56 +/- 0.56 
Lu (ppm) 0.745 +/- 0.082 0.697 +/- 0.084 0.897 +/- 0.098 1.053 +/- 0.082 1.13 +/- 0.039 0.99 +/- 0.046 0.905 +/- 0.04 0.803 +/- 0.029 0.733 +/- 0.037 0.766 +/- 0.088 
Nb (ppm) 120.3 +/- 5.7 115 +/- 4.8 121.7 +/- 5.7 124.2 +/- 3.7 134.6 +/- 3.1 128.6 +/- 3.9 123.4 +/- 3.1 121.4 +/- 2.6 117.5 +/- 3.8 114.7 +/- 9.1 
Ta (ppm) 6.94 +/- 0.32 6.76 +/- 0.36 7.51 +/- 0.36 7.99 +/- 0.28 9.73 +/- 0.21 9.02 +/- 0.26 8.17 +/- 0.2 7.57 +/- 0.15 6.98 +/- 0.21 6.55 +/- 0.47 
Pb (ppm) 35.3 +/- 2.8 34.4 +/- 2.1 59.8 +/- 7.1 30.1 +/- 1.6 37 +/- 1.1 36.9 +/- 1.5 34.8 +/- 1.1 35.8 +/- 1.1 35.8 +/- 1.5 35.4 +/- 3.5 
Th (ppm) 16.91 +/- 0.82 16.88 +/- 0.92 18.37 +/- 0.88 20.11 +/- 0.67 22.08 +/- 0.46 20.52 +/- 0.55 18.63 +/- 0.45 17.37 +/- 0.35 16.64 +/- 0.49 17.4 +/- 1.2 
U  (ppm) 8.22 +/- 0.49 8.26 +/- 0.55 7.89 +/- 0.37 7.99 +/- 0.27 8.81 +/- 0.22 8.81 +/- 0.28 8.69 +/- 0.25 8.83 +/- 0.21 9.02 +/- 0.32 8.75 +/- 0.7 
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both groups are remarkably different with common accessory minerals in Group 1 
(e.g., thorite/huttonite, monazite, cheralite, allanite, xenotime, apatite, titanite, 
zircon), and exotic minerals (e.g., Parisite-Nd, samarskite, uranoan Zr-rich 
thoriopyrochlore, fluocerite, chevkinite, fluorite) distinctive to Group 2.  Because of 
relatively higher alkali-feldspar abundances, heat production is inferred to be 
elevated in Triassic, Middle Cretaceous and Tertiary high-silica igneous rocks. This 
section examines potential trends in whole-rock chemistry over time and tests 
whether Triassic, Middle Cretaceous and Tertiary high-silica igneous rocks are 
characterised by elevated heat production values. Below, the chemistry for each 
tectonomagmatic event is presented and is principally focussed on igneous rocks 
with SiO2 >70 wt%. This is because HPE concentrations increase with silica content 
(Chapter 2) and because high-silica igneous rocks can represent minimum melt type 
compositions. 
5.4.4.1. Data integrity 
Overall, the quality of the samples collected in the study area is good with 67 of 77 
samples having a LOI <1 (Appendix 5.6). Samples with LOI >1 are essentially 
Tertiary igneous rocks (BEL-02, CH-01, CH-02, BLA-01 and LEA-01) with an 
extremely high value for a nonwelded but vapour-phase altered ignimbrite at Cape 
Hillsborough (i.e., LOI of 6.6 for CH-01). Other samples with elevated LOI (1-3) are 
the Cretaceous granites from Mount Chelona (CHE-01) and Binbee Quartz 
monzodiorite (BIN-02), a Triassic extrusive rock from Bootooloo Road (BOO-01), 
Mount Crompton granodiorite (CRO-02) and an intrusion from the Tally-Ho Igneous 
Complex (TH-04). Despite the overall low LOI values, a high degree of 
kaolinitisation was recognised in the Triassic samples, explaining the shift between 
point count data and CIPW norm values in Figure 5.9B & C. As found in Chapter 4, 
no correlation exists between LOI, and Rb/Sr, Sr, ASI, and no anomalous ASI values 
(e.g., >1.5) are observed, suggesting that alteration did not significantly change 
whole-rock compositions. However, two Tertiary igneous rocks (BEL-02 and CH-
02) with high LOI are characterised by low Sr (<60 ppm) and elevated Rb/Sr (>20). 
Such high Rb/Sr ratios may thus simply reflect loss of Sr by alteration, and may not 
be representative of a high degree of fractional crystallisation. To the exception of 
those two samples, Rb/Sr can consequently be used along with Eu/Eu* to assess the 
potential role of fractional crystallisation. 
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Two flow banded rhyolite samples collected along the coast, BEL-01 and ROO-02, 
possess a negative Ce anomaly (see Figure 5.17). This anomaly was analytically 
reproduced by repeating the analysis of one sample at the University of Melbourne 
and by interlaboratory comparison (LA-ICP-MS on fused glass at QUT). The Ce 
anomaly is therefore considered to be real and not analytical. While the LOI for those 
two samples is very low (<1), these samples were collected along the coast and have 
interacted with seawater. Seawater is known to have a significant negative Ce 
anomaly (Elderfield & Greaves, 1982) and the negative Ce anomaly in BEL-01 and 
ROO-02 is thus interpreted to reflect some seawater modification. Oxidative 
weathering is not considered here to be the cause of the Ce anomaly because it would 
result in a positive rather than a negative anomaly (Bau, 1999). 
5.4.4.2. Major Elements 
The majority of igneous rock samples analysed have SiO2 contents > 65 wt%, with 
only four samples characterised by SiO2 <65 wt%. These more mafic analyses are 
also characterised by higher CaO, MgO, TiO2 and Fe2O3 contents. In contrast to 
Group 1, Group 2 high-silica (>70 wt%) igneous rocks, in particular, Triassic and 
Tertiary in age, are dominantly characterised by higher K2O, and lower MgO, CaO 
and P2O5 contents (Figure 5.14). Middle Cretaceous high-silica igneous rocks have 
geochemical characteristics that are less distinctive to the other igneous rocks from 
Group 1, and do have a range of values that overlap with Early Cretaceous igneous 
rocks (Figure 5.14). These trends are also observed using all compiled high-silica 
igneous rocks in the study area (Figure 5.15). 
5.4.4.3. Rock Classification 
All samples analysed in this study plot in the calc-alkaline and sub-alkaline fields of 
Irvine and Baragar (1971). The majority of samples have a rhyolitic/granitic 
composition, but Group 2 igneous rocks commonly exhibit more alkali-rich 
compositions, plotting in the trachydacite/trachyte or quartz monzonite/syenite fields 
or in the upper portion of the granite/rhyolite field (Figure 5.16A). 
Group 1 igneous rocks dominantly plot in the magnesian field of Frost et al. (2001) 
and are commonly characterised by a low Modified Alkali-Lime Index (MALI) 
(Figures 5.16B to D). In contrast, Group 2 igneous rocks essentially plot in the 
ferroan field of Frost et al. (2001) and generally exhibit a higher MALI 
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Figure 5.14. Selected major element oxides (anhydrous basis) versus time. All igneous rocks analysed 
in this study are illustrated (n=76). 
 
Figure 5.15. Selected major element oxides (anhydrous basis) versus time using data from this study 
and pre-existing data (Appendix 2.1); Only analyses with SiO2>70 wt% are plotted. 
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Figure 5.16. Rock classification schemes; A. TAS diagram  after LeBas et al. (1986); B. Ferroan vs 
Magnesian classification after Frost et al. (2001); C. Modified Alkali-Lime Index (MALI) vs SiO2 
content; after Frost et al. (2001); a is alkalic, a-c is alkali-calcic, c-a is calc-alkalic and c is calcic; D. 
MALI vs K2O content; after Frost et al. (2001); all silica contents plotted; E. Shand’s index after 
Maniar and Piccoli (1989); only SiO2 >70 wt% plotted; F. Discrimination between I- and S-types and 
A-type; after Whalen et al. (1987); only SiO2 >70 wt% plotted. 
(Figures 5.16B to D). In regards to MALI, Group 1 igneous rocks are calcic to calc-
alkalic, whereas Group 2 igneous rocks are alkali-calcic to alkalic.  
The Alumina Saturation Index (ASI) for igneous rocks with SiO2 >70 wt% ranges 
from 0.9 to 1.3 and most analysed igneous rocks plot at the boundary between 
metaluminous and peraluminous compositions. A few samples plot in the peralkaline 
field and are Tertiary in age (Figure 5.16E). Additionally, a large proportion of 
Group 2 igneous rocks plot in the A-type field of Whalen et al. (1987), whereas 
Group 1 igneous rock plot dominantly in the I- and S- type field (Figure 5.16F). 
 202 Chapter 5 
5.4.4.4. Trace and REE elements 
Early Carboniferous igneous rocks are characterised by an overall flat pattern when 
normalised to the average upper continental crust. Silicic igneous rocks are slightly 
depleted in Cs, Nb, Ta and to a lesser extent, Sr and Ti, and are slightly enriched in 
REE, Th and U (Figure 5.17). Late Carboniferous rocks have trace element patterns 
similar to the Early Carboniferous suite but with a more significant Nb and Ta 
negative anomaly at the same silica content. Igneous rocks with SiO2 <70 wt% have 
positive Ti and Sr anomalies. Similar to Early Carboniferous igneous rocks, the 
analysed Permian igneous rocks exhibit a flat trace element pattern with a Nb and 
Ta anomaly. 
Trace elements patterns of Triassic igneous rocks are remarkably different to the 
preceding Permo-Carboniferous igneous rocks. Triassic patterns are characterised by 
stronger Ba, Sr and Ti negative anomalies and slightly more elevated HREE, U and 
Th contents. Nb and Ta anomalies are much more subdued. Early Cretaceous 
igneous rocks have a very similar flat trace element pattern to the Permian suite, and 
a negative Nb and Ta anomaly of similar magnitude to the Early Carboniferous 
rocks, but less than observed in the Late Carboniferous and Permian. In contrast, 
Middle Cretaceous silicic igneous rocks are characterised by pronounced negative 
Sr and Ti anomalies. Some have a relatively flat trace element pattern with the 
exception of a more reduced negative Nb anomaly and more pronounced Ta 
anomaly, highlighting a decoupling between those two elements. Cs is also more 
depleted. Tertiary igneous rocks appear to be most strikingly different, but extend 
the pronounced Ba, Sr, Ti depletions first observed in the Middle Cretaceous rocks. 
Enrichments in Nb, Ta, REE, Zr and Hf are now much more pronounced. Cs is also 
generally depleted. 
As illustrated in Figures 5.17H, 5.18A & B, Group 1 (Permo-Carboniferous and 
Early Cretaceous) and Group 2 (Triassic, Middle Cretaceous and Tertiary) igneous 
rocks exhibit different trace element characteristics. In particular, high-silica igneous 
rocks from Group 2 exhibit higher MREE, HREE, Zr, Hf, and, and Eu anomaly (low 
Eu/Eu*), and lower Ba, Sr, Ti and Sr/Y in comparison to Group 1. 
In summary, several key temporal trends are observed: 1) From the Early 
Carboniferous until the Middle Cretaceous, U contents are largely lower than upper 
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Figure 5.17. A to G. Spiderdiagrams for all igneous tectonomagmatic events. Data are normalised to 
Taylor & McLennan (1985) values for upper continental crust (UCC); Blue samples are characterised 
by SiO2 <70 wt% and grey samples by SiO2 >70 wt%; H. Average of high-silica igneous rocks (SiO2 
>70 wt%) for all igneous events normalised to the Early Carboniferous average. Outliers were not 
considered for the average. 
continental crust values, reaching higher values in the Middle Cretaceous and 
Tertiary, 2) HREE concentrations decrease from the Early Carboniferous to the 
Permian, followed by an increase in the Triassic, sharp decrease in the Early 
Cretaceous and subsequent increase in the Middle Cretaceous and Tertiary 
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Figure 5.18. A. Sr/Y over time B. Eu/Eu* over time; calculated using Eq. 1.2. C. Nb/Nb* over time; 
Nb/Nb* = NbN/√(ThN∙LaN), N is normalised to chondritic values from Sun & McDonough (1989). 
(Figure 5.17H), 3), Sr, Ti and Ba concentrations exhibit the opposite trend, with an 
increase from Early Carboniferous to Permian, a decrease in the Triassic, then an 
increase in the Early Cretaceous, and a sharp decrease in the Middle Cretaceous and 
Tertiary, and 4) the Nb anomaly over time decreases (increase of Nb/Nb*) indicating 
the major loss of subduction-related crustal signatures (Figure 5.18C). 
5.4.4.5. Tectonic discriminations 
Most silicic igneous rocks sampled in the study area plot in the Volcanic Arc 
Granites (VAG) field of Pearce et al. (1984) (Figure 5.19). These include all Group 1 
igneous rocks. In contrast, Group 2 igneous rocks plot in both the Within Plate 
Granites (WPG) and VAG fields. The Middle Cretaceous igneous rocks show more 
transitional tectonic affinities, with several straddling the boundary between the 
VAG and WPG fields (e.g., Hayman granite, HAB-02; Ball Bay granite, BAL-01), 
but PRI-02 (Mount Pring) clearly plots in the WPG field (see also Bryan, 2007). 
Triassic igneous rocks also plot in both fields (e.g., VAG and WPG) but are more 
clustered towards the boundary. Tertiary igneous rocks exclusively lie in the WPG 
field. As discussed in Section 4.4.3.5, such tectonic diagrams may be more indicatice 
of the source composition rather than the geodynamic setting in which the granites 
were emplaced.  
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5.4.4.6. Thermometry 
Zircon saturation temperature calculations based on whole-rock chemistry 
 
Figure 5.19. Trace element discrimination diagram for the tectonic interpretation of silicic (>70 wt% 
SiO2) igneous rocks in the Bowen-Mackay area, after Pearce et al. (1984). 
(Watson & Harrison, 1983), indicate that Group 2 high-silica igneous rocks are 
characterised by temperatures >800ºC, whereas Group 1 high-silica igneous rocks 
have temperatures <800 ºC (Figure 5.20A). This difference in part reflects higher Zr 
contents of the Group 2 suite (e.g., see Figure 5.17H). This trend is supported by all 
existing data in the study area, with Group 2 zircon saturation temperatures (TZrsat) 
skewing towards higher values, and Group 1 TZrsat skewing towards lower values 
(Figure 5.20B). 
 
Figure 5.20. A. Zircon saturation temperature over time (SiO2 >70 wt%); Data from this study; B. 
Histogram of all existing data (SiO2 >70 wt%) in the study area (Appendix 2.1). 
 206 Chapter 5 
5.4.4.7. Heat production pattern over time 
Heat production is mostly elevated in Triassic and Tertiary igneous rocks in 
comparison to upper continental crust values (Figure 5.21). The heat-producing 
capability of Tertiary and Middle Cretaceous high-silica igneous rocks is mostly 
explained by an elevated U-enrichment with U contribution (Eq. 2.1) >40%. Instead, 
the heat production capability is dominantly explained by a Th-enrichment for Early 
Carboniferous to Early Cretaceous high-silica igneous rocks, with the Th 
contribution (Eq. 2.2) commonly >45%.  
 
Figure 5.21. A. Heat Production over time for high-silica igneous rocks (>70 wt% SiO2); B. K2O 
content over time; C. Uranium content over time; D. Thorium content over time. The four outliers are 
discussed in the text. Note that the spectrum for U, Th K and heat production is very similar. 
Heat production over time is not straightforward showing no systematic linear 
trend/vector. Rather, U, Th and K2O contents, and hence heat production, vary 
between each tectonomagmatic event (Figure 5.21). Heat production is moderately 
high in Early Carboniferous granites (~2 µWm
-3
) and decreases in the Late 
Carboniferous to an average value of ~1 µWm
-3
. Subsequently, average heat 
production increases until the Triassic, with values ranging between ~1.8 to 3.8 
µWm
-3
. In the Early Cretaceous, heat production values of granitoids are subdued, 
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before increasing in the Middle Cretaceous to the Tertiary, reaching values of 2.8 to 
3.6 µWm
-3
. Two outliers, the Early Cretaceous Mount Christo granite (CHR-01) and 
Permian Scrubby Top granite (SCR-01) correspond to segregations of the Hecate and 
Thunderbolt granite, respectively. Both show higher Rb/Sr ratios (outliers in Figure 
5.14B) in agreement with a higher degree of fractional crystallisation. Another two 
outliers, the Early Carboniferous Middle Hill granite (MH-01) and Late 
Carboniferous Viola Creek granodiorite (VIO-01), do not however, possess a high 
Rb/Sr ratio and fractionation is thus an unlikely explanation. 
5.5. DISCUSSION 
Petrography and whole-rock chemistry of superimposed silicic igneous rocks from 
different tectonomagmatic events have outlined two major groupings within the 
small-scale study area. The first group (Group 1) consist of Permo-Carboniferous 
and Early Cretaceous granitoids and the second group (Group 2) includes Triassic, 
Middle Cretaceous and Tertiary igneous rocks. Characteristics for each group and for 
each igneous event are summarised in Table 5.5. Triassic, Middle Cretaceous and 
Tertiary igneous rocks do, however, exhibit different mineralogical and 
compositional characteristics from each other. In particular, Middle Cretaceous 
igneous rocks are characterised by miarolitic cavities, and exotic accessory phases 
such as samarskite, fluocerite and uranoan Zr-rich thoriopyrochlore. Tertiary igneous 
rocks clearly show A-type affinities (Section 5.5.1) and comprise both chevkinite and 
fluorite accessory minerals. Despite distinctive mineralogical and whole-rock 
chemical differences between those two groups, Early Carboniferous igneous rocks 
which are more closely similar to Group 1, exhibit transitional characteristics 
between the two groups (Table 5.5). Whole-rock chemical differences revealed from 
the new data presented here are also confirmed using previously published data for 
the region (e.g., Figures 5.15, 5.20B), extracted from the compiled dataset (Appendix 
2.1). Similarities between the Permo-Carboniferous and Early Cretaceous igneous 
rocks suggest similar petrogenetic processes or source(s) for these tectonomagmatic 
events. 
5.5.1. Igneous rocks sampled in the Bowen-Mackay area: I-, S-, or/and A-type? 
Amongst the samples collected, none are muscovite-bearing or contain cordierite. 
Consequently, no S-type granites have been identified here or in previous studies, or  
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Table 5.5. Summary of mineralogical and compositional characteristics for all tectonomagmatic events in the Bowen-Mackay area. For more details refer to Section 5.4. 
 Group 1  Group 2  Group 1  Group 2  Group 2 
 Early 
Carboniferous 
Late 
Carboniferous 
Permian  Triassic  Early Cretaceous  Middle Cretaceous  Tertiary 
Exposed area/Volume Large  Low  Large  Large1  Low 
Microgranular enclaves Common  None  Common  Rare  Some 
Magnetic susceptibility High  Low  High  High  Low 
I-, S-, A-type I  (I to) A  I  I to A  A 
Plagioclase High Ca  Low Ca  High Ca  Low Ca  - 
Biotite High Mg#  Low Mg#  High Mg#  Low Mg#  Low Mg# 
Plagioclase texture Zoned and resorbed cores  
Unzoned; no resorbed 
cores 
 
Zoned and resorbed 
cores 
 Unzoned; no resorbed cores 
Mineral proportion Elevated Plg, Bt and Hb; Low Afs  
Low Plg, Bt and Hb; 
High Afs 
 
Elevated Plg, Bt and 
Hb, Low Afs 
 Low Plg, Bt and Hb; High Afs 
Titanite Present  
Only present in the less 
silicic igneous rocks 
 Present  Present  None 
Accessory minerals Common accessory minerals 2  
Some common2 + 
Exotic3 accessory 
minerals 
 
Common accessory 
minerals 2 
 Some common2 + Exotic3 accessory minerals 
TZrsat Low  High  Low  High  High 
MALI High Low Low  High  High  High  High 
Ferroan/Magnesian Ferroan Magnesian Magnesian  Ferroan  Magnesian  Ferroan  Ferroan 
Trace element 
characteristics 
Low MREE, HREE, Zr and Hf, and high Ba, Sr and Ti  
high MREE, HREE, Zr 
and Hf, and low Ba, Sr 
and Ti 
 
Low MREE, HREE, 
Zr and Hf, and high 
Ba, Sr and Ti 
 
high MREE, HREE, Zr 
and Hf, and low Ba, Sr and 
Ti 
 
high MREE, HREE, Zr and 
Hf, and low Ba, Sr and Ti 
Sr/Y Moderate to High ~10-30  Low <10  Moderate to High  Low  Low 
Eu/Eu* High >0.5  Moderate 0.1 to 0.5  High >0.5  Moderate 0.3 to 0.7  Low <0.2 
1Outcropping Middle Cretaceous igneous rocks are not significant but as demonstrated by Bryan et al. (2012), a large proportion has been eroded and estimates indicate voluminous magmatism at this time.  
Abbreviations are: Plg, plagioclase; Bt, biotite; Hb, hornblende; Afs, alkali-feldspar 
2Common accessory minerals: thorite/huttonite, monazite, cheralite, allanite, xenotime, apatite, titanite, zircon 
3Exotic accessory minerals: Parisite-Nd, samarskite, uranoan Zr-rich thoriopyrochlore, fluocerite, chevkinite, fluorite 
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collected in the study area. A large proportion of Group 2 igneous rocks, in particular 
Tertiary units, are ferroan and alkali-calcic to alkalic and are thus interpreted as A-
type igneous rocks. This is supported by the low Mg# and low anorthite content for 
Group 2 igneous rocks, and with the presence of Na-rich plagioclase and accessory 
phases such as chevkinite and fluorite in Tertiary igneous rocks and the coexistence 
of fayalite and quartz in the Tertiary BEL-02 obsidian (Sections 5.4.2 and 5.4.3; 
Bonin, 2007). In contrast, Group 1 igneous rocks are dominantly metaluminous and 
hornblende-bearing and are therefore interpreted to be I-type. 
5.5.2. Heat Production over time 
Heat production values for silicic (>70 wt% SiO2) igneous rocks in the Bowen-
Mackay area, using data from this study and pre-existing data (Appendix 2.1), 
exhibit very similar patterns over time (Figure 5.22A vs 5.22B). However, a 
significant departure from these trends exists for Early Carboniferous silicic igneous 
rocks. Subdividing high-silica igneous rocks into intrusive and extrusive rocks 
indicates a significant difference in heat production. Early Carboniferous extrusive 
rocks have very low heat production values (~0.7 μW/m3 on average) in comparison 
to Early Carboniferous intrusive rocks (~1.8 μW/m3 on average) that have been the 
focus here in this study. Triassic and Tertiary igneous rocks exhibit the highest heat 
production values, but also the highest Rb/Sr ratios potentially suggesting fractional 
crystallisation has played a role in HPE enrichment. However, heat production values 
for the Early Carboniferous intrusive rocks and for a few Triassic and Tertiary 
igneous rocks are similar and these do not exhibit elevated Rb/Sr values (Figure 
5.22B).  
 
Figure 5.22. A. Heat production spectrums over time for igneous rocks with different silica contents 
using data are from this study and pre-existing data (Appendix 2.1); B. Heat production spectrums 
over time for igneous rocks with SiO2 > 70 wt%, color coded for different Rb/Sr ratios, data are from 
this study only. 
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5.5.3. Long-term temporal compositional changes 
Compositional changes for various tectonomagmatic events in the Bowen-Mackay 
area could reflect changes of magma source regions, and/or could reflect various 
differentiation histories. Processes that could have affected the change of mineralogy 
and composition observed in the study area are discussed below. 
5.5.3.1.Tectonic Setting 
The change of mineralogy, composition, and heat production observed in silicic 
igneous rocks from the Bowen-Mackay area is not directly related to a particular 
tectonic setting (Figure 5.23). First, the samples are superimposed in terms of 
location and secondly, the tectonic settings for most igneous events are extension-
related and there is no obvious relationship between heat production and the 
geodynamic setting. Early Carboniferous, Late Carboniferous and Permian igneous 
events are extension-related and occurred in a back-arc environment (Allen et al., 
1998; Allen, 2000; Bryan et al., 2001; Bryan et al., 2003). Triassic magmatism in the 
Bowen-Mackay area is compositionally similar to Late Triassic magmatism in the 
southern part of the NEO  
 
Figure 5.23. Schematic diagram of heat production over time with associated tectonic settings. 
(e.g., A-type characteristics; Stephens, 1992, Stephens et al., 1993, Purdy, 2009) and 
is thus believed to be emplaced in an extensional environment following the 
termination of the Hunter-Bowen Orogeny by ~245 Ma in this area, rather than still 
being synchronous with the contractional Hunter Bowen Orogeny (HBO). If related 
to the HBO, Triassic igneous rocks should have been characterised by high Nb and 
Ta anomalies, however, they have one of the least significant anomalies (Figure 
5.17D). Future work is required to confirm the exact timing of termination of the 
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Hunter-Bowen Orogeny and the tectonic setting of this Middle Triassic magmatism 
at the northern tip of the NEO. Cretaceous magmatism (both Early and Middle 
Cretaceous) is intraplate and rift-related (e.g., Bryan et al., 2012). Tertiary 
magmatism is anorogenic/hot spot related (Johnson et al., 1989). 
Igneous rocks from the Triassic and Middle Cretaceous suites exhibit transitional 
tectonic affinities with several samples straddling the boundary between the VAG 
and WPG fields (Figure 5.19). Consequently, broadly synchronous igneous rocks 
show apparent different tectonic affinities. Because all samples come from a very 
small area, such tectonic affinities cannot be directly related to tectonic settings, nor 
imply rapid switching in tectonic settings, and reveal that crustal source composition 
imparts a very strong control on granite chemistry. This is consistent with the low 
Rb/Sr and low Eu anomalies of high-silica igneous rocks in the Bowen-Mackay area. 
These high-silica igneous rocks are thus not derived by fractional crystallisation of 
mantle-derived arc-basalt or andesite. 
Additionally, Frost et al. (2001) suggested that magnesian granitoids may be related 
to island arc-magmas as they are associated with hydrous and oxidizing magmas. In 
this study, Group 1 (Permo-Carboniferous and Early Cretaceous) igneous rocks 
dominantly plot in the magnesian field of Frost et al. (2001), potentially indicating 
they are arc-related. While this is consistent with the VAG signatures of Group1 
igneous rocks, the tectonic setting is well-established to be extensional (Sections 5.2 
and 5.5.3.1), and geochemistry indicates they cannot derive from fractional 
crystallisation of mantle-derived arc-basalt (see above). This further reinforces, as 
suggested for Cretaceous magmatism in the study area by Ewart et al. (1992) and 
Bryan et al. (2012), that the arc-related signature of Group 1 igneous rocks is 
inherited from the source and is not reflective from the tectonic environment in 
which the granitoids were emplaced. Accordingly, the authors who proposed those 
discrimination diagrams (Pearce et al., 1984; Frost et al., 2001), and others (e.g., 
Roberts & Clemens, 1993) have stated that the composition of granitic rocks are 
more reflective from their source rock rather than their tectonic setting. 
5.5.3.2. Magmatic differentiation processes 
Geochemical parameters such Rb/Sr and Eu/Eu* suggest fractional crystallisation 
may have been important in increasing HPE. This section critically assesses this 
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potential control. 
Insights from the nature and location of U-Th-bearing accessory phases 
Petrographic examinations indicate that U and Th-bearing accessory phases are 
hosted in both early and late crystallising minerals and suggests that U and Th- 
enrichment is both source- and fractional crystallisation-controlled.  
Insights from whole-rock chemistry 
Bowen-Mackay silicic igneous rocks (> 70 wt%) show a correlation between Rb/Sr, 
Eu/Eu* and heat production indicating the potential role of fractional crystallisation 
in HPE enrichment (Figure 5.24A & B). However, Tertiary igneous rocks do not 
reflect this correlation as they have higher Rb/Sr but no increased heat production 
values (2-3 µWm-3). Overall, Tertiary and Triassic silicic igneous rocks exhibit the 
strongest negative Eu anomaly, along with notable depletions in Sr and Ti (Figure 
5.17) providing qualitative evidence for mineral fractionation. In contrast, Permo-
Carboniferous, Early Cretaceous and Middle Cretaceous high-silica igneous rocks 
have lower Rb/Sr values and smaller Eu anomalies. 
 
Figure 5.24. A. Heat production vs log(Rb/Sr); B. Heat production vs Eu/Eu*; for A and B only high-
silica igneous rocks (> 70 wt% SiO2) are plotted from this study; C.  Eu/Eu* vs SiO2 colour coded by 
tectonomagmatic event; D. Eu/Eu* vs SiO2 colour coded by heat production value; For C and D, all 
data from this study. 
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It is possible that the trends of heat production over time could be controlled by 
differing degrees of fractional crystallisation between the suites. However, Rb/Sr 
ratios are <10 (with the exception of Tertiary and a few Middle Cretaceous igneous 
rocks), indicating that none of the highly silicic rocks are highly fractionated. 
Additionally, some Triassic and Tertiary igneous rocks exhibit low Rb/Sr values and 
similar heat production values to samples with elevated Rb/Sr values (Figure 5.22B). 
A graph of Eu/Eu* vs SiO2 suggests plagioclase dominated fractionation in the 
highest silica rocks (e.g., SiO2 >72 wt%), and reveal a lack of fractional 
crystallisation at lower silica contents. While the data in Figure 5.24C could be 
interpreted as a single trend reflecting plagioclase crystallisation over the entire 
differentiation history, rocks from different age groups exhibit different trends. It can 
also be observed in Figure 5.24C that at the lowest Eu/Eu* values of <0.1, a range of 
SiO2 contents occur from ~72.5 to 78 wt%, indicating a less well-defined correlation 
of Eu/Eu* with SiO2 and thus evidence of fractional crystallisation. Ewart et al. 
(1992) have also pointed out that only high-silica rhyolites exhibit signs of fractional 
crystallisation in the Cretaceous suite. Furthermore, at any given SiO2 content, there 
is a range of Eu/Eu* values (Figure 5.24C), indicating that not all high-silica igneous 
rocks are fractionated. Figure 5.24D also shows that several non-fractionated igneous 
rocks (e.g., elevated Eu/Eu*) are characterised by elevated heat production. 
At first glance then, fractional crystallisation appears to be the main control for 
elevated heat production values, but in detail, the data indicate that fractional 
crystallisation is not the dominant control for HPE enrichment in granitic rocks. 
5.5.3.3. Crustal sources 
Because the changes in mineralogy and composition over time are not singularly 
related to tectonic setting and fractional crystallisation, crustal sources and their 
variation are inferred to provide the dominant controls on heat production and bulk-
rock geochemical characteristics. In particular, major mineralogical and 
compositional groupings (Table 5.5) indicate at least two different bulk crustal 
sources for silicic igneous rocks in the Bowen-Mackay area. Group 1 igneous rocks 
(Permo-Carboniferous and Early Cretaceous), being dominantly I-type, appear to be 
derived from similar crustal source rocks, and are different for Group 2 igneous 
rocks (Triassic, Middle Cretaceous and Tertiary), that are dominantly A-type. The 
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two compositional groupings are quite strongly demarcated by Sr/Y with Group 1 (I-
type) igneous rocks having Sr/Y >5 and Group 2 (A-type) igneous rocks having 
Sr/Y <5 (Figure 5.18A). Sr/Y ratio has been linked to water content in crustal rocks, 
where moderate water contents can stabilise garnet at crustal depths/pressures 
(Zellmer et al., 2012). While Sr/Y ratios in this study are not adakitic (Adakites have 
Sr/Y >22; Sr >400 ppm and Y <18 ppm; Kay, 1978; Defant & Drummond, 1990), 
the different Sr/Y ratios for the two groups may indicate some variability in water 
content and/or plagioclase content between the crustal sources. The repeated 
production of compositionally similar granites in the same area at different times and 
in different tectonic settings suggests that different crustal source regions are tapped 
irregularly. 
5.5.4. Long-term temporal compositional trends, crustal sources and HPE 
5.5.4.1.The switch of compositional groupings 
Compositional changes reflect the nature of crustal sources (Section 5.5.3), therefore 
two main crustal sources are recognised in the study area, with Group 1 igneous 
rocks being exclusively I-type and Group 2 igneous rocks being dominantly A-type. 
Generation of these two compositional groupings switches and repeats over time. In 
particular, Group 1 igneous rocks are observed from the Early Carboniferous to the 
Permian, followed by Group 2 igneous rocks in the Triassic, and then returning to 
Group 1 compositions in the Early Cretaceous and switching back to Group 2 
compositions in the Middle Cretaceous and Tertiary. 
5.5.4.2. Reconciling heat production and the origin of A-type granites 
Based on the lack of zircon inheritance, dominant metaluminous compositions and 
their mafic mineralogies (biotite+/-hornblende), the crustal source for Group 1 
igneous rocks is suggested to be igneous or metaigneous in origin. As discussed in 
Section 1.2.2, A-type granites may derive from: 1) a dry and refractory granulitic 
lower crust (Clemens et al., 1986; Johannes & Holtz, 1996), 2) a transitional to 
alkaline mafic to intermediate, mantle-derived magmas (Bonin, 2007), 3) a source 
similar to OIBs (Eby, 1992), 4) an alkali-metasomatized crust (Martin, 2006), or 5) a 
calc-alkaline tonalite or granodiorite (Creaser et al., 1991; Patiño Douce, 1997). 
In this study, A-type igneous rocks are the most enriched in HPE, a granulitic lower 
crust protolith can be dismissed as it is known to be depleted in incompatible 
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elements including HPE (Table 1.1). Derivation from mantle-derived magmas 
through extended fractional crystallisation can also be precluded as these sources are 
mafic and consequently depleted in HPE (see the low heat production values at low 
silica contents in Figure 1.2). At first glance, an alkali-metasomatized crust could be 
a possibility if U- and Th-enrichment occurred as a result of metasomatism. In the 
study area, A-type magmatism is Triassic and Tertiary in age, but interrupted in the 
Cretaceous by I-type magmatism. If the crust was metasomatized prior to the 
Triassic, reworking of the crust in the Cretaceous should have led to more A-type 
compositions. Additionally, the reworking of metasomatized crust in the Triassic 
should have depleted the HPE concentration in the source-rock and the subsequent 
reworking of this metasomatized source in the Tertiary should have led to depleted 
HPE contents in the resulting granitic melts (Figure 5.1C). This may have been 
minimised if the magnitude of partial melting and HPE depletion was limited in the 
Triassic which is indicated by volume of exposed Triassic igneous rocks in the study 
area. However, this would have occurred in the Cretaceous which was a tremendous 
large volume igneous event (Bryan et al., 1997; Bryan et al., 2012). Basaltic magma 
protoliths can thus be ruled out. 
The most likely protolith of the A-type granites and consistent with HPE enrichment 
is concluded to be a calc-alkaline tonalite or granodiorite. These are known to be 
more enriched in HPE than basalt (Figure 1.2), and such a crustal source upon partial 
melting will thus yield high-silica igneous rocks relatively enriched in U, Th and K. 
However, one may question how the partial melting of a calc-alkaline tonalite or 
granodiorite, with significant negative Nb and Ta anomalies, may produce an A-type 
igneous rock with positive Nb and Ta anomalies (Figure 5.17). The loss of Nb and 
Ta anomalies, as well as the enrichment of high-field strength elements (HFSE), is 
explained by the high temperature dissolution of accessory phases (Creaser et al., 
1991).  
5.5.4.3.Compositional groupings and heat production patterns 
The variation of heat production over time in high-silica igneous rocks of the Bowen-
Mackay area is related to the differing heat-producing capability of crustal sources 
because compositional changes are source-controlled (Section 5.5.3). Two 
compositional groupings suggest two main sources: 1) a voluminous igneous or 
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metaigneous source for the Group 1 I-type igneous rocks, and 2) a low volume 
protolith of A-type for Group 2 igneous rocks (see Section 5.5.4.2). Irrespective of 
the degree of partial melting, if the same source is repeatedly reworked, HPE 
concentrations, and thus heat production, should decrease over time (Figure 5.1C). 
Instead, both groups exhibit a zig-zag pattern (Figure 5.25) revealing a more 
complex scenario. 
 
Figure 5.25. Heat production patterns for: A. Group 1 and B. Group 2. 
If each compositional grouping was derived from a single crustal source, this would 
require a process by which the source undergoes replenishment in HPE. Such process 
may occur by hydration of the crust in a subduction-related setting where U becomes 
mobile (McCulloch & Gamble, 1991), or by metasomatism with enrichment of 
HFSE as a consequence of mantle degassing (Martin, 2006). For Group 1 igneous 
rocks, replenishment of HPE must have occurred after the Late Carboniferous (~310-
300 Ma), the less heat-producing igneous event (Figure 5.25A). HPE were then 
available in the source in the Early Permian, and partial remelting of this source 
produced more heat-producing igneous rocks. However, replenishment is unlikely to 
have occurred in the Late Carboniferous. First, Late Carboniferous magmatism was 
generated in a very broad back-arc environment (extending to be intraplate in North 
Queensland), hence ruling out hydration of the crust and U-enrichment. Second, 
magmatism was fairly continuous over this time with no clear evidence of change or 
hiatus (Figures 2.2 and 5.3). Third, hydration of the crust should have led to U-
enrichment and a decoupling between Th and U, due to U mobility and Th 
immobility (McCulloch & Gamble, 1991), but such decoupling and U-enrichment 
are not observed in the Permian igneous rocks (Figure 5.17). Fourth, if 
metasomatism occurred in the Late Carboniferous, one must therefore expect that the 
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next partial melting event in the Permian produced A-type igneous rocks, as 
proposed by the model of Martin (2006). Consequently, several crustal sources must 
have been involved in the generation of Group 1 igneous rocks. A possibility is that 
two crustal sources were involved in the generation of Group 1 igneous rocks: a 
similar source for Early Carboniferous, Permian and Cretaceous, explaining the 
overall decrease of HPE over time (Figure 5.25A), and a different source, which is 
more depleted in HPE for the Late Carboniferous. This hypothesis will be tested in 
Chapter 6 using Hf isotopes and zircon inheritance.  
If replenishment of HPE occurred for Group 2 igneous rocks, replenishment must 
have happened in the Middle Cretaceous, before HPE enrichment in the Tertiary 
(Figure 5.25B). Similar to Group 1, hydration and U-enrichment in a subduction-
related setting can be ruled out in the Middle Cretaceous, as magmatism is rift- and 
intraplate-related (Bryan et al., 1997; Bryan et al., 2012). Additionally, no 
decoupling between Th and U is observed for Tertiary igneous rocks (Figure 5.17). 
As discussed in Section 5.5.4.2, for these rocks metasomatism is not a likely 
mechanism by which the Triassic and Tertiary A-type igneous rocks were produced. 
Instead, these derive from the reworking of products from previous partial melting 
events, in particular a calc-alkaline tonalite or granodiorite. A possibility is that the 
source for the Triassic igneous rocks was partially remelted in the Middle 
Cretaceous, as suggested by Ewart et al. (1992), producing lower HPE enrichment, 
and a different, more heat-producing source, was involved for Tertiary igneous rocks 
(Figure 5.25B). Despite the fact that Tertiary rocks are the most differentiated, the 
wide range of Rb/Sr ratios (and other fractionation indices) at similar heat production 
values (Figure 5.24A) suggests that fractional crystallisation is not the main 
contributor to HPE enrichment for Tertiary igneous rocks and therefore a source 
enriched in HPE is required. 
Consequently, several crustal sources are suspected to be involved to explain the 
temporal compositional trends and HPE variation for Groups 1 and 2, but which may 
have been broadly compositionally similar. These hypotheses are tested in Chapter 6 
using zircon dating, and Hf isotopes in zircons to further constrained the nature of 
crustal sources involved for both groupings. 
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5.5.4.4.Compositional groupings and scale of magmatism 
The similar mineralogical and compositional characteristics of Group 1 igneous 
rocks may be more related to the scale of magmatism rather than derivation from a 
single crustal source. In particular, Group 1 igneous rocks are characterised by a 
large volume of magmatism in comparison to Group 2 igneous rocks (Section 5.2.1). 
At first glance, igneous volumes for the respective groupings in the study area are 
inconsistent with regional trends, as for example Tertiary magmatism is extensive in 
Queensland (Figure 5.26A). However, when considering only high-silica igneous 
rocks, the relative exposed surface areas for the Tertiary, as a proxy for igneous 
volume, agree both locally and regionally. That is Tertiary silicic igneous rocks are 
volumetrically minor both at a local scale and regionally across eastern Australia (see 
Figure 5.26B and Johnson et al., 1989). The exposure of Triassic magmatism in 
Queensland also diverges from the exposed surface in the Bowen-Mackay area. This 
is because Triassic magmatism may be subdivided into Early Triassic magmatism 
linked to the Hunter-Bowen Orogeny, and to late Triassic magmatism, which is A-
type in composition and post-orogenic (Stephens, 1992; Stephens et al., 1993; Purdy, 
2009; R. Holcombe, pers.comm., 2014). In the study area, Triassic magmatism is 
similar in composition to Late Triassic magmatism observed in the southern NEO 
(Section 5.2). When considering only Late Triassic magmatism, the relative surface 
areas in Queensland agree well with the study area (Figure 5.26B inset). Cretaceous 
magmatism appear to be a low volume in Figure 5.26, however, the areal extent is 
small as large proportions have accumulated in sedimentary basins and submerged 
rift basins (Bryan et al., 2012). 
Two end-member system-types are recognised to reconcile mineralogical and 
compositional groupings and significant differences on the volumetric output 
between the groupings: 1) small-scale (i.e., low-volume) magmatic systems with A-
type igneous rocks for Triassic and Tertiary tectonomagmatic events, and 2) large-
scale (i.e., large-volume) magmatic systems producing I-type igneous rocks in the 
Late Carboniferous, Permian and Early Cretaceous igneous events (Figure 6.17). 
Early Carboniferous igneous rocks have compositional characteristics which appear 
to be intermediate between the two end-member systems. 
The large-scale crustal partial melting systems (surface area of <1000 km
2
 in the 
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Figure 5.26. Exposed surface area of igneous rocks in Queensland. A. All type of igneous rocks; B. 
only silicic igneous rocks. The inset figure subdivides the Triassic high-silica igneous rocks into Early 
and Late Triassic, and as indicated by *, Triassic rocks that cannot be classified as Early or Late. 
study area being the proxy for igneous volume) are more energetic, triggering 
extensive crustal melting of potentially multiple crustal sources. Compositions of the 
resulting magmas may thus approach the composition of the bulk continental crust 
and explain the relatively flat trace element patterns (Figure 5.17), and as indicatedby 
intermediate peak composition for the Early Cretaceous arguably the largest volume 
crustal melting event in the region (Figure 5.6). In contrast, small-scale systems 
(surface area >1000 km
2
 in the study area; Figure 5.4) are less energetic and involve 
local crustal melting of only one or at most a few crustal sources. Resulting small-
volume magma compositions are consequently more diverse depending on the 
location of melting and the nature of crustal sources. Group 2 igneous rocks are 
interpreted to derive from the partial remelting of products from previous partial 
melting events to explain their more elevated heat production character. 
5.6. CONCLUSIONS 
Petrographic and whole-rock chemical characteristics of igneous rocks in the Bowen-
Mackay area can be grouped in at least two major compositional groups. The first 
group comprises Permo-Carboniferous and Early Cretaceous igneous rocks and the 
second group: Triassic, Middle Cretaceous and Tertiary igneous rocks.  
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Volumetrically, Group 1 reflects the largest igneous events in the study area. This 
compositional grouping shares a number of similar characteristics: 1) common 
microgranular enclaves, 2) elevated magnetic susceptibility, 3) I-type mineralogical 
and geochemical characteristics, 4) an elevated proportion of Ca-rich zoned 
plagioclases with resorbed cores, 5) magnesian-rich mafic minerals, 6) low alkali-
feldspar contents, 7) the presence of titanite and common accessory minerals (e.g., 
thorite/huttonite, monazite, cheralite, allanite, xenotime, apatite, titanite, zircon), 
8) low zircon saturation temperatures, 9) relatively low MREE, HREE, Zr, Hf and 
high Ba, Sr and Ti abundances, 9) Sr/Y >10, and 10) small Eu anomalies. In contrast, 
igneous rocks from Group 2 exhibit the opposite characteristics (Table 5.5), being 
dominantly A-type. Importantly, when looking at long-term compositional trends, 
these compositional types switch and repeat over time.  
Heat production values over time are not steadily increasing or decreasing as 
hypothesised, but reveal a “zig-zag” pattern. Early Carboniferous granites, Middle 
Cretaceous and Tertiary igneous rocks exhibit the highest heat production values (up 
to 3.8 μW/m3). Mineralogical, compositional and heat production variations over 
time do not directly reflect tectonic setting or magnitude of fractional crystallisation, 
but appear to be dominantly source controlled. As a consequence, at least two 
different bulk crustal sources are inferred to have been repeatedly tapped at different 
times. Heat-production patterns for each group reveal a more complex scenario 
suggesting multiple but potentially similar crustal sources have been involved. The 
nature of the sources is investigated further in Chapter 6 to evaluate their roles on 
heat production variation over time and to test whether similar sources have been 
involved for both groupings.  
The similar mineralogical and compositional characteristics of Group 1 igneous 
rocks are interpreted to result from the scale of magmatism rather than deriving from 
a single crustal source. Consequently two end-member system-types are identified: 
1) Large-scale magmatic systems for Group 1 igneous rocks that are more energetic, 
triggering extensive crustal melting of multiple crustal sources and leading to bulk-
rock compositions that trend towards bulk crustal compositions and 2) small-scale 
systems producing A-type Group 2 igneous rocks from less energetic and extensive 
crustal partial melting. In this case only local crustal melting occurs of only one or at 
most a few crustal sources, leading to a greater diversity of compositions. Crustal 
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sources for Group 2 igneous rocks are inferred to be the products of previous partial 
melting events that produce A-type igneous rocks with more elevated heat 
production values. Early Carboniferous igneous rocks have compositional 
characteristics and volumes that are transitional and are consequently considered 
intermediate between these two end-members. 
Additionally, future revision on the tectonic setting for Triassic granitic magmatism 
in the Bowen-Mackay area is required based on A-type signatures of granitic rocks at 
~245 Ma. Such characteristics are similar to Late Triassic igneous rocks in the 
southern part of the New England Orogen. The switch from contractional to 
extensional, i.e. the termination of the Hunter Bowen Orogeny, may thus have begun 
at an earlier stage in the northern part of the NEO. 
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Chapter 6 Crustal evolution and its 
consequences on heat-producing 
element enrichment / depletion in 
the Bowen-Mackay area: Part 2 - 
zircon chronochemistry and Hf 
isotopes of silicic igneous rocks 
6.1. INTRODUCTION 
6.1.1. Aims 
Mineralogical and geochemical data from silicic igneous rocks in the Bowen-
Mackay area highlighted two broad major compositional groupings (Chapter 5). Two 
key conclusions from Chapter 5 were that: 1) similar granite compositions were re-
produced at different times in different tectonic settings, but that collectively, these 
different granite compositional groupings have alternated over geologic time; and 
2) that despite their generally high-silica content (>70 wt% SiO2), granitic rocks from 
both groupings are not highly fractionated as indicated by typical fractionation 
indices (Rb/Sr and Eu/Eu*). Critically, these compositional alternations and 
repetitions have occurred within a geographically small area (~100 x 200 km), ruling 
out lateral crustal basement variability as a potential cause or generating added 
complexity to the temporal variations. Although Figure 5.2 suggests a geographical 
control on the emplacement age of igneous rocks, the surface geology of the study 
area is the end-product of contractional deformation/uplift during the Permo-Triassic 
Hunter-Bowen Orogeny, subsequent erosion, rifting during the Cretaceous and 
subsequent epeirogenic uplift and exhumation along the rifted margin during the Late 
Cretaceous-Tertiary (Bryan et al., 2004; Bryan et al., 2012). Additionally, isotopic 
compositions of igneous rocks in the Bowen-Mackay area (Ewart et al., 1992; 
Parianos, 1993; Allen et al., 1997; Allen, 2000; Champion & Bultitude, 2013)  do not 
correlate with their geographical locations and thus preclude a basement control. The 
conclusion from Chapter 5, and reinforcing those from Chapters 2, 3 and 4, was that 
the crustal source may be imparting a more fundamental control on the chemical and 
therefore mineralogical characteristics of the granitic magmas, and that based on the 
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chemical groupings, two distinct source regions for granitic rocks may exist in the 
Bowen-Mackay area. 
This Chapter builds on Chapter 5 by now investigating the nature of crustal sources 
involved and their relations to the observed heat production pattern. The approach 
here is to use zircon inheritance, U and Th enrichment in zircons, and Lu-Hf isotopes 
on zircons, supported by the Ti in zircon-geothermometer, and Ce and Eu anomalies 
in zircons (Section 4.3) to delineate potentially distinct crustal sources for granitic 
magma generation. An implication is that if two or more distinct crustal sources can 
be identified, they may occur in a vertical arrangement given that the granite 
compositional variations have occurred in a 100 x 200 km area. 
6.2. GEOLOGICAL BACKGROUND 
6.2.1. Previous geochronology – Emplacement age and inheritance 
A significant amount of geochronological data exists for the Bowen-Mackay area 
(214 age analyses including new ages obtained in this study, see Appendix 6.1). Five 
different dating techniques have been used to constrain emplacement ages on igneous 
rocks: fission track analyses (FTA) on zircons, Ar-Ar on feldspar and amphiboles, K-
Ar on biotite, amphibole, feldspar and whole-rock, Rb-Sr on feldspars and whole-
rock, and U-Pb dating of zircons via LA-ICP-MS or SHRIMP. The most utilised 
technique in the Bowen-Mackay area has been K-Ar, followed by U-Pb techniques 
(Figure 6.1). Other techniques such as Rb-Sr, Ar-Ar and FTA techniques have been 
rarely used. Despite the abundant age data, not all ages are reliable in providing 
emplacement age constraints, with many K-Ar ages found to represent reset ages in 
response to younger thermal events (Allen et al., 1998; Uysal et al., 2001 and this 
study). Additionally, Rb-Sr ages on granites can also be misleading because they 
may represent a cooling age rather than emplacement age (Allen et al., 1998). 
It is important to note that the focus of previous studies presenting the first U-Pb 
zircon age data in the Bowen-Mackay area were aimed at providing emplacement 
age constraints, and thus identifying and analysing zircon inheritance was not a focus 
of those studies (e.g., Allen et al., 1998). Available data in the study area indicate 
that zircon inheritance from Phanerozoic I- to A-type granitic rocks is generally 
limited (Allen & Williams, 1998; Withnall et al., 2009; Cross et al., 2012). Allen et 
al. (1998) found no evidence of zircon inheritance, despite 40% of analyses on zircon 
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Figure 6.1. A. Existing geochronology data in the Bowen-Mackay area; Data are listed in Appendix 
6.1 and are from this study (16 new U-Pb dates on zircons) and many other sources (Webb et al., 
1963; Webb & McDougall, 1964; Clarke et al., 1968; Webb & McDougall, 1968; Harding, 1969; 
Sutherland et al., 1977; Pattison, 1990; Ewart et al., 1992; Parianos, 1993; Black, 1994; Bryan et al., 
1997; Allen et al., 1998; Hutton et al., 1999; Allen, 2000; Bryan et al., 2004; Withnall et al., 2009; 
Cross et al., 2012). B. Existing whole-rock isotopic data in the Bowen-Mackay area; data are from 
other studies (Ewart et al., 1992; Parianos, 1993; Allen et al., 1997; Allen, 2000; Champion, 2013). 
cores. However, the number of grains analysed per sample (~10) was limited. In 
contrast, Bryan et al. (2004) recognised significant Proterozoic and subtle Devonian 
to Cambrian zircon inheritance plaguing rhyolites of the Early Carboniferous 
Campwyn Volcanics within the study area. Similarly, high levels of zircon 
inheritance were encountered in coeval rhyolites from the Drummond Basin 
(Henderson et al., 1998), and U-Pb dating in this study of coeval granites from the 
Roma Shelf also encountered substantial zircon inheritance (Section 4.4.5). 
Consequently, a high proportion of inherited zircons appear to be a regional 
characteristic of Early Carboniferous silicic magmatism in Queensland, making these 
units difficult to constrain emplacement ages by U-Pb geochronology (Section 4.4.5). 
More recently, U-Pb dating of granites and gneissic rocks in the Bowen-Mackay area 
has revealed significant zircon inheritance dating back to the Archean (3.3 Ga) as 
well as reworking of Late and Early Carboniferous igneous materials (Table 6.1; 
Withnall et al., 2009, Cross et al., 2012). 
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Table 6.1. Zircon inheritance ages, Sm-Nd two stage model ages and 
87
Sr/
86
Sr ratios for rocks in the 
Bowen-Mackay area.  
 Zircon inheritance (Ma) Sm-Nd–T2DM (Ma) 
87Sr-86Sr 
Tertiary - 640, 740 - 
Middle 
Cretaceous 
(490, 787)1 420, 470, 480, 560, 620 
0.7030-0.7045; 3 
analyses at 0.72! 
Early Cretaceous - 370, 490, 510 0.7032-0.7039 
Triassic - 430, 590, 640, 680, 750, 1040, 1120 0.7033-0.7040 
Permian 
305 to 330, 340, 390 to 396, 420, 460, 
470, 500, 570, 585, 925, 1135, 1150, 
1575, 2200, 2700, 3200 
470, 490, 1020 to 1100, 1530, 1700 
0.7032-0.7058 
 
Late 
Carboniferous 
315 to 360, 390, 410, 560, 3300 820, 880 to 910, 1050 
Early 
Carboniferous 
375 (~390, 420, 450, 490, 550, 800, 
930, 1050, 1150, 1450, 1550, 1700, 
1800, 2050) 1 
1020 to 1100, 1530, 1700 Ma 
1 These data are not located within the Bowen-Mackay area. 
Data are from Ewart et al. (1992), Parianos (1993), Allen et al. (1997), Allen (2000), Allen (unpublished data), Withnall et al. 
(2009), Bryan et al. (2012), Cross et al. (2012) and Champion et al. (2013). Data in bracket are located outside the Bowen-
Mackay area, these are from Henderson et al. (1998) and Bryan et al. (2004) 
Many inherited zircon age populations have been identified from previous studies. 
These include Archean (2.7, 3.2 and 3.3 Ga), Proterozoic (~560, 570, 590, 930, 1150, 
1550, 1700 and 2200 Ma), Cambrian (~500 Ma), Ordovician (~460, 470 Ma), 
Silurian (~420 Ma) and Devonian (~360 to 400 Ma) age zircons (Table 6.1). 
Importantly, zircon inheritance in Permo-Carboniferous igneous rocks strongly 
contrasts with Triassic, Cretaceous and Tertiary igneous rocks where inherited 
zircons are rare and no older than 800 Ma, highlighting a significant change in zircon 
inheritance after the Permian. Significant zircon inheritance is generally a feature of 
S-type granites, however, no S-type granites have yet been recognised in the study 
area (Chapter 5) and the occurrence of zircon inheritance as old as Archean in I-type 
granitic rocks may either suggest the reworking of a small portion of sedimentary 
material or the reworking of older igneous crustal basement.  
Pre-existing U-Pb age data are therefore insufficient to assess the role of crustal 
evolution in generating HPE enrichment in granitic rocks. This study has attempted 
to fill this gap in knowledge by providing new U-Pb geochronology data for a 
number of intrusions from the Early and Late Carboniferous, Permian, Early 
Cretaceous and Tertiary events. These new U-Pb data provide more robust 
emplacement ages that for the Tertiary and Triassic tectonomagmatic events had 
previously remained poorly constrained (zero and two U-Pb analyses, respectively; 
Appendix 6.1). 
6.2.2. Previous isotopic studies - Sm-Nd, Sr-Sr, Pb-Pb isotopes 
In addition to zircon inheritance, isotopic studies are crucial to determine the nature 
and age of crustal sources. In the study area, 321 isotopic analyses have previously 
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been undertaken using mostly Rb-Sr and Sm-Nd and to a lesser extent Pb-Pb 
isotopes (Figure 6.1B; Ewart et al., 1992, Parianos, 1993, Allen et al., 1997, Allen, 
2000 and Champion et al. 2013b). Middle Cretaceous igneous rocks are the most 
analysed with >140 analyses (Ewart et al., 1992, Parianos, 1993, Allen et al., 1997, 
Allen, 2000 and Champion et al. 2013b), but a lack of data exists for Tertiary and 
Early and Late Carboniferous igneous rocks. Additionally, no Lu-Hf isotopic 
analyses on zircons have previously been published for the study area. 
Previous whole-rock isotopic studies (Sm-Nd and Sr isotopes) indicate that Permo-
Carboniferous and Tertiary igneous rocks are more radiogenic in comparison to 
Triassic and Cretaceous igneous rocks, which possess more juvenile isotopic 
signatures (Table 6.1 and Figure 6.2). Two-stage Nd model ages range between 370 
to 1700 Ma, with Proterozoic model ages obtained for most events (Table 6.1). 
Significantly, Sm-Nd isotopes indicate two stage model ages are <1150 Ma for the 
Triassic to Tertiary igneous rocks, whereas the Permo-Carboniferous igneous rocks 
have more radiogenic isotopic signatures with two stage model ages reaching 1700 
Ma (Table 6.1). Consequently, a shift occurs, during or after the Permian, towards 
younger model ages, although sources remain as old as 1150 Ma in the Triassic and 
~750 Ma in the Tertiary. This shift is consistent with zircon inheritance patterns over 
time where the abundance of inherited zircons in rocks younger than Permian 
decreases as well as their age (Section 6.2.1). To a lesser extent, the change during or 
after the Permian is also recorded by mineralogical and compositional changes of the 
igneous rocks, where Permo-Carboniferous are distinct to Triassic, Middle 
Cretaceous and Tertiary igneous rocks (Chapter 5). However, similar chemical 
characteristics for Early Cretaceous and Permo-Carboniferous igneous rocks reveal a 
more complex scenario where compositionally similar granitic magmas have been 
generated at different times and under different tectonic regimes (e.g. intraplate rift-
related versus back-arc).  
6.2.3. Nature of crustal basement 
The nature of crustal basement in the Bowen-Mackay area is informed by existing 
zircon inheritance patterns and isotopic data, as well as from regional geology and 
terranes, and xenoliths. Previous isotopic studies and zircon inheritance both 
indicated a greater involvement of Phanerozoic sources after the Permian and the  
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Figure 6.2. A. Existing Nd isotopic data (time corrected) in the Bowen-Mackay area; B. Existing Sr 
isotopic data (time corrected) for the Bowen-Mackay area. Data are from Ewart et al. (1992), Parianos 
(1993), Allen et al. (1997), Allen (2000), Allen (unpublished data) and Champion et al. (2013). 
presence of a crustal basement as old as Proterozoic (Sections 6.2.1 and 6.2.2). The 
study area is adjacent to the Early Paleozoic Lolworth Ravenswood province to the 
west. Silurian, Early Ordovician and Late Cambrian intrusive rocks in this province 
have intruded Late Neoproterozoic to Cambrian metasedimentary rocks (Hutton, 
2004). North of the study area, in the Georgetown Inlier, crustal basement is 
considered to be Archean to Paleoproterozoic with crustal model ages of 1880 to 
2325 Ma and Mesoproterozoic, with igneous activity at 1585-1545 Ma (Murgulov et 
al., 2013). South of the study area, in the Marlborough province, a late 
Neoproterozoic (562 Ma) ophiolite complex (Princhester Serpentinite) provides the 
oldest igneous ages identified in the New England Orogen (Bruce & Niu, 2000; 
Bruce et al., 2000). The widely recognised extension of Grenvillian-age Musgrave-
type crust (1220-1150 Ma) beneath the Thomson Orogen (Chapter 4), and beneath 
the adjacent Lolworth-Ravenswood Province (Hutton, 2004) raises the possibility 
that this type of crust may also extend into the study area. Proterozoic, Ordovician 
and Silurian zircon ages (1840, 1400, 600, 475 and 420 Ma) in a garnet-
clinopyroxene granulitic xenolith from a Miocene volcanic rock located at the 
northern tip of the Bowen Basin reveal the presence of Proterozoic to Silurian age 
lower crust in the region (Allen & Williams, 1998). 
6.2.4. Temporal evolution and hypotheses to be tested 
Several studies, including Chapter 4, have identified that whole-rock isotopic 
compositions in Eastern Australia become more isotopically juvenile over time, and 
several mechanisms have been suggested to explain this change of isotopic 
composition (Allen et al., 1997; Allen, 2000; Kemp et al., 2009; Collins et al., 2011). 
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On the basis of Sm-Nd and Sr isotopes, Allen et al. (1997) and Allen (2000) 
highlighted a temporal switch in the Late Permian (~280 Ma) and thus a major 
change in crustal sources in the study area. These studies proposed a slab retreat to 
the east, and thus thinning in a back-arc setting, such that significant underplating of 
mantle-derived magmas in the Late Permian strongly affected the lower crust in the 
Bowen-Mackay area. Allen et al. (1997) proposed that in the Permian the lower crust 
became more mafic by “basification”. Zircon inheritance patterns and mineralogical 
and compositional changes also highlight a change after the Permian (Section 6.2.1 
and Chapter 5). A similar trend towards more isotopically juvenile sources over time 
is also observed in the Lachlan and Thomson orogens (Figure 4.33B). 
More regionally across Eastern Australia, Kemp et al (2009) recognised, using Nd, 
Hf and O isotopes, a temporal evolution from S-, I- to A-type igneous rocks 
changing from radiogenic to more juvenile-like isotopic signatures. The authors 
suggested that trends towards more isotopically juvenile compositions in Eastern 
Australia are related to the greater contribution of mantle-derived magmas and thus 
increasing dilution of crust by less radiogenic components, during the switch from an 
arc to back-arc to intraplate setting. This study is, however, mostly based on the 
Lachlan Orogen and to a lesser extent, the Delamarian and southern New England 
orogens and a significant gap of information exists for the Carboniferous (360 to 
300 Ma) as highlighted by Jeon et al. (2011), and younger events (<250 Ma). Its 
applicability to the northern NEO remains largely untested. Additionally, based on 
new data presented in Chapter 5, the pattern observed by Kemp et al (2009) is 
problematic for the Bowen-Mackay area. First, no S-type granites occur in the study 
area, but this could result from small-scale of the study area. Second, the A-type 
igneous rocks within the study area contrast with those of the Kemp et al. (2009) 
study, and could not have been produced by fractional crystallisation of alkali-
basaltic parental magmas, because of low Rb/Sr, lack of negative Eu anomalies and 
elevated heat-producing character (Chapter 5). The model of Kemp et al (2009) show 
inconsistencies with Hf isotopic data in the Thomson, northern and southern NEO 
and North Queensland, but also at the “Tasmanides scale” (Figure 6.3; Chapter 4 and 
6; Kemp et al., 2005b; Belousova et al., 2006; Kemp et al., 2007; Murgulov et al., 
2008; Fu et al., 2009; Kemp et al., 2009; Glen et al., 2011; Phillips et al., 2011; Shaw 
et al., 2011; Murgulov et al., 2013). In particular, despite the temporal shift from S-, 
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Figure 6.3. A. Model of Kemp et al (2009); B. ƐHf vs age for the Tasmanides; C, D, E, F, G, and H. 
ƐHf vs age for the Delamarian, Lachlan, Thomson orogens, North Queensland, northern NEO, and 
southern NEO, respectively. Data are from this study (Chapters 4 and 6), unpublished data (Purdy, 
pers.comm., 2014) and published data (Kemp et al., 2005b; Belousova et al., 2006; Kemp et al., 2007; 
Murgulov et al., 2008; Fu et al., 2009; Kemp et al., 2009; Glen et al., 2011; Phillips et al., 2011; Shaw 
et al., 2011; Murgulov et al., 2013). Growth curves are drawn using a Lu/Hf equal to 0.0125 after 
Chauvel et al. (2014); 
176
Hf/
177
Hf is calculated using a decay constant λ176Lu=1.867.10-11 y-1 
(Söderlund et al., 2004), ƐHf is calculated using chondritic values from Bouvier et al. (2008); CHUR 
is Chondritic Uniform Reservoir. The depleted mantle line is drawn using values from Griffin et al. 
(2000). 
to I- to A-type in several orogens, A-type igneous rocks are not the most isotopically 
juvenile (e.g., NEO in  Figure 6.3G and H; data are from this Chapter, Murgulov et 
al., 2008; Kemp et al., 2009; Phillips et al., 2011; Shaw et al., 2011). Additionally, in 
North Queensland, and in the Thomson Orogen, the youngest granites are S-type and 
the oldest one are I-type (Figure 6.3E and F), hence conflicting from the S- to I-type 
temporal shift observed by Kemp et al (2009). These S-type granites are also more 
isotopically juvenile than I-type (Chapters 4 and 6, unpublished data from Purdy, 
pers.comm., 2014, Murgulov et al., 2008; Murgulov et al., 2013), and are thus 
inconsistent with the trends recognised by Kemp et al (2009). Consequently, 
temporal isotopic patterns are more complex at a regional scale, and the contrasting 
isotopic trends observed for the Delamarian, Lachlan, Thomson, Southern and 
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Northern New England orogens, as well as North Queensland indicate different 
evolutionary processes. 
Similarly, Collins et al. (2011) identified at a global scale, a temporal switch from 
radiogenic to more juvenile Hf isotopic signatures in external (i.e., orogenic systems 
at the edge of a mantle convection cell such as the Circum-Pacific) Phanerozoic 
systems. The authors attributed the change towards more juvenile isotopic signatures 
to the removal of older radiogenic crust by thermal erosion in a back-arc 
environment and/or mechanical erosion during subduction. However, in the Bowen- 
Mackay area, the tectonic environment is dominantly a back-arc setting, where the 
crust cannot be removed by mechanical subduction erosion. Thermal erosion in a 
back-arc setting, as mentioned by Collins et al. (2011), is also unlikely due to the 
lack of magmatic and/or structural responses (Ducea & Saleeby, 1998; Saleeby & 
Foster, 2004), where alternatively any crustal thinning was tectonic-driven rather 
than caused by large-scale lithospheric removal through delamination. 
Past studies are global to regional and likely to include the effects of crustal lateral 
variations. Here the local and well-constrained long-term compositional study of the 
Bowen-Mackay area provides insights on the validity of these models at a smaller-
scale. Importantly, the role of crustal sources as a first-order control on heat 
production is assessed to explain the long-term variation in heat production of 
granitic rocks in the study area (i.e., the heat production “zig-zag” pattern). 
6.3. METHODOLOGY 
Zircon chronochemical studies in combination with inherited zircon populations and 
Hf isotopic data can act as probes of crustal sources involved in granite petrogenesis 
and therefore shed light on protoliths and origin of HPE enriched granitic rocks 
(Section 4.3). With this aim, sixteen samples from various tectonomagmatic events 
were collected across the Bowen-Mackay area for U-Pb zircon dating, Hf isotopes 
and zircon chemistry. Sample locations are indicated in Figure 6.4 and coordinates 
are given in Appendix 5.1. Zircons were extracted from 16 igneous rock samples and 
were imaged by cathodoluminescence before ablation. CL images for each rock 
sample with the location of data analyses can be found in Appendix 6.3. 
Approximately 40 to 70 analyses per sample were acquired with rims, cores and 
zones exhibiting potential U enrichment targeted. Hf isotope analyses were 
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Figure 6.4. Geographic location of samples used for zircon chronochemistry and Hf isotope; 
Modified after Figure 5.2. 
performed on different locations than age analyses, but were ablated on the same 
grain and with zones of similar CL response. Only grains that provided emplacement 
ages were analysed for Hf isotopes. More information on these techniques is given in 
Section 4.3 and details on sample preparation, instrumentation, data collection and 
data reduction can be found in Appendices 1.2 and 1.3. Microscope images of 
zircons exhibiting the variability of morphologies are given in Appendix 6.2 and 
cathodoluminescence responses are given in Appendix 6.3. Qualitative information 
on the CL response and microscope image as well as quantitative measurements of 
length, width and length to width ratio of the zircons can be found in Appendix 6.4. 
6.4. RESULTS 
6.4.1. Description of samples 
The samples that have been analysed for zircon chronochemistry and Hf isotopic 
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information are listed in Table 6.2, the mineralogy and whole-rock chemistry of 
these samples have previously been described in Chapter 5 and Appendix 5.5.  
Table 6.2. List of samples analysed for U-Pb dating and Hf isotopes and their description. Additional 
information can be found in Appendices 5.1 and 5.5. 
Sample name Site location Description 
Early Carboniferous 
CAP-04 Cape Upstart Coarse-grained biotite I-type granodiorite 
MH-01 Middle Hill Fine to medium-grained biotite I-type granodiorite 
CUR-02 Mount Curlewis Fine-grained biotite-hornblende I-type syenogranite 
Late Carboniferous 
HECT-01 Mount Hector Fine to medium-grained biotite-riebeckite I-type granodiorite 
VIO-01 Viola Creek Medium-grained hornblende-biotite I-type monzogranite 
BN-02 Birds Nest Fine to medium-grained biotite-riebeckite I-type granodiorite 
Permian 
LN-02 Lady Norman Fine to medium-grained biotite-hornblende I-type granodiorite 
GRA-01 Grant Creek Fine to medium-grained biotite-hornblende I-type monzogranite 
Triassic 
GLO-02 Gloucester, Passage Islet Coarse-grained biotite-hornblende I-type granodiorite 
ROO-02 Mount Rooper Devitrified flow-banded A-type rhyolite 
SH47 Shaw island Coarse-grained A-type alkali-feldspar granite 
Early Cretaceous 
PLEA-01 Mount Pleasant Medium-grained biotite-hornblende I-type monzogranite 
ROU-02 Mount Roundback Medium-grained biotite-hornblende I-type granodiorite 
HB-01 Highlanders Bonnet Fine to medium-grained biotite-hornblende I-type granodiorite to monzogranite 
Tertiary 
BEL-02 Belmunda Non-devitrified A-type obsidian with fayalite and embayed quartz phenocrysts 
BLA-02 Mount Blackwood Medium-grained biotite A-type granodiorite 
6.4.2. Zircon morphologies and textures 
As observed in the southwest Queensland study area (Chapter 4), samples from the 
Bowen-Mackay area exhibit a wide range of morphologies from acicular, equant, 
stubby and prismatic and with variable length, width, and length to width (LW) 
ratios. Amongst the sample suite, no clear trend of zircon morphologies exists over 
geological time. However, zircon lengths are the least variable in the Late 
Carboniferous and Triassic igneous rocks. Again, multi-modal distributions of LW 
ratios of zircons within each rock-specimen are observed in most samples (Figure 
6.5) and only a few samples exhibit more unimodal distributions (e.g., PLEA-01, 
ROO-02, VIO-01 and CAP-04). But, as observed in the southwest Queensland study, 
unimodal distributions cover a wide range of LW ratios (~3 units). Overall, all 
zircons (except a few outliers) analysed from Bowen-Mackay igneous rocks have 
LW ratios ranging from 1.0 to 4.5, with 50% of data ranging in between 1.6 and 3.2.  
LW ratios of zircons within each rock specimen are dominantly skewed towards 
higher values. Zircon lengths range from ~50 to 420 µm with 50% data between 
~100 and 280 µm, whereas zircon widths range between ~30 to 135 µm with 50% of 
data between ~50 and 110 µm. The majority of zircons are transparent, and minor 
zircons exhibit a brown color and numerous fractures. Triassic zircons (e.g. ROO-02 
and SH47) are more distinctive with a pink-reddish to orange hue. 
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Figure 6.5. Histogram of length to width ratios of zircons; n is the number of data points used for 
each rock sample. 
Early Carboniferous zircons analysed here vary in size and CL responses. Most 
zircon cores and rims exhibit oscillatory zoning. However, Early Carboniferous 
zircons extracted from different rock samples exhibit different characteristics. Some 
zircons cores from MH-01 and CUR-02, exhibit a darker and more uniform CL 
response, and light-grey oscillatory zoned zircon cores from CAP-04 are surrounded 
by thick black rims (Figure 6.6A, B). Unlike the Early Carboniferous, analysed Late 
Carboniferous zircons from different rock samples have similar characteristics. 
They are generally small, with uniform black cores surrounded by grey oscillatory 
rims (Figure 6.6C). In addition, some zircons from VIO-01 do exhibit uniform black 
rim overgrowths. Permian zircons exhibit strong and thin oscillatory zoning. They 
have varied textural features under CL, with some zircons exhibiting uniform dark-
grey to black cores surrounded by thick oscillatory grey rims, and others showing 
light-grey cores surrounded by darker oscillatory rims (Figure 6.6D). Triassic 
zircons form a relatively homogenous population in terms of zircon textures. These 
zircons are small and most exhibit dark-grey to black cores that are discordantly cut 
by a dark grey zone and/or thick oscillatory grey rims (Figure 6.6E, F). However, 
some zircons from GLO-02 exhibit the opposite response with a light grey core 
surrounded by darker rims. Many cores also show signs of resorption. Cretaceous 
zircons exhibit a wide range of CL responses. Acicular and diamond shape zircons 
have complex internal structures (Figure 6.6G). Some Cretaceous zircons display 
light-grey cores surrounded by grey oscillatory zoned rims, and others exhibit dark- 
 Chapter 6 235 
 
Figure 6.6. Selected CL images for zircon grains from Bowen-Mackay igneous rocks. Circles indicate 
the location of analyses. Scale is the same for all images. 
grey cores surrounded by light-grey to grey oscillatory rims (Figure 6.6H, I). 
Tertiary zircons exhibit faint CL responses. Zircons from the BEL-02 obsidian show 
typical sector zoning with rare and tiny resorbed cores (Figure 6.6J) whereas zircons 
from BLA-02 are commonly resorbed exhibiting irregular outside shapes and 
comprise resorbed dark cores surrounded by  grey and light-grey rims (Figure 6.6K). 
Importantly, rock samples for which zircons exhibit a wide variation of 
morphologies (e.g., Cretaceous, Permian and Early Carboniferous) also display a 
complex range of zircon CL textures. Inversely, rock samples for which zircons 
exhibit a small range of zircon morphologies (e.g., Late Carboniferous, Triassic and 
Tertiary BEL-02) also exhibit a limited range of CL textures. While this correlation 
is observed for this study, southwest Queensland samples presented in Chapter 4 do 
not show such correlation. 
6.4.3. LA-ICP-MS zircon chronochemistry 
Sixteen rock samples were dated using ~40 to 80 analyses for each sample. The 
accuracy and reproducibility of each analytical session is discussed in Appendix 1.2. 
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Amongst the total analyses performed, 20 to 40 are located on both zircon rims and 
cores and up to 15 correspond to a mixture between rim and core zones based on a 
comparison with CL images and zircon grain structure (Table 6.3). Amongst all 
analyses, 63% and 31% have U-Pb ages within 10% and 5% concordance, 
respectively. Analyses were interpreted in the same manner as those undertaken in 
Chapter 4 (see Section 4.4.5). 
Table 6.3. Number of LA-ICP-MS analysis on rims, cores and total per sample. 
Sample Total 
analyses 
 
Total 
integration 
intervals  
Rim Core Mixed Common 
Pb 
Pb 
loss 
Combination 
common Pb 
and Pb loss 
Older 
grains 
Emplacement 
Early Carboniferous 
CAP-04 72 83 36 44 3 25 12 - 8 38 
CUR-02 53 56 36 15 5 10 3 - 18 25 
MH-01 51 61 34 19 8 26 3 7 7 18 
Late Carboniferous 
BN-02 51 64 27 21 16 25 6 14 2 17 
HECT-01 48 55 28 20 7 26 9 - 1 19 
VIO-01 66 74 38 33 3 23 1 - 4 46 
Permian       
LN-02 56 57 37 19 1 3 - - 22 32 
GRA-01 55 56 31 21 4 14 2 - 1 39 
Early Triassic       
SH47 45 47 23 18 6 7 - - 1 39 
ROO-02 48 48 21 13 14 8 - - 1 39 
GLO-02 43 46 22 21 3 14 - - 2 30 
Early 
Cretaceous 
      
PLEA-01 75 80 25 42 13 34 3 - - 43 
ROU-02 57 67 29 27 11 33 1 - 1 32 
HB-01 64 66 22 37 7 16 - - 4 46 
Tertiary       
BLA-02 60 63 24 24 15 43 - - 4 16 
BEL-02 42 43 23 16 4 15 - - - 28 
Overall, zircon inheritance is low with no inherited zircons in 6 samples and <5 
inherited grains in 10 samples. The majority of inherited zircons are identified in 
CUR-02 and LN-02, but many analyses yielding older ages in LN-02 correspond to 
rim analyses (Figure 6.7). Zircons affected by common Pb are abundant in the Early 
and Late Carboniferous, Early Cretaceous and Tertiary periods (Figure 6.7, Table 
6.3). Analyses affected by Pb loss are rare and mostly limited to the Early and Late 
Carboniferous (Figure 6.7). Analyses affected by common Pb are either due to the 
ablation of common-Pb bearing minerals such as apatite or elevated common Pb 
values in the zircons (Section 6.4.4). 
The emplacement ages for the sixteen rock samples dated here (Table 6.4) 
correspond to six of the seven tectonomagmatic events discussed in Section 5.2. Of 
the 16 units, 7 were previously dated. Five of the new analyses provide ages that are 
older than previously published. The new Early Carboniferous age obtained for the 
Cape Upstart granodiorite (CAP-04) contrasts strongly with the previous ~103 Ma 
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Figure 6.7. Percentage of analyses for both rims (left) and cores (right) interpreted as emplacement 
age, affected by common Pb or Pb-loss or potentially inherited. 
 
Table 6.4. LA-ICP-MS U-Pb zircon age summary; Weighted mean ages, otherwise indicated 
(uncertainties are 2σ and external). It must be noted that for some samples, concordia age values are 
obtained for the emplacement age and these are illustrated in Appendix 6.8. All ages are 
206
Pb-
238
U 
ages, unless otherwise stated. 
Sample Emplacement age 
(Ma) 
MSWD/Probability; 
N 
Inherited or younger 
populations (Ma) 
Internal uncertainties 
MSWD; Probability; N 
Early Carboniferous 
CAP-04 338.5+/-2.7 2.0/0.000; n=39 354.9+/-4.4* 2.0/0.076; n=3* 
   ~400; ~437; ~460-490 n=1; n=1; n=3 
CUR-02 347.6+/-2.8 1.6/0.038; n=25 1248+/-56** 1.4/-; n=11** 
   471.7+/-10 2.2/0.047; n=3* 
   ~375; ~411; ~760; ~1256 n=1; n=1; n=1; n=1 
MH-01 334.6+/-3.0 1.7/0.034; n=18 246.4+/-3.0*** 0.064/0.997; n=3* 
   352.3+/-8.3 3.4/0.001; n=4* 
   ~414 n=1 
   3220-3230 n=2 
Late Carboniferous 
BN-02 321.3+/-3.1 1.9/0.013; n=17 ~340-346 n=2 
HECT-01 322.2+/-2.8 1.3/0.20; n=19 ~357 n=1 
VIO-01 313.2+/-2.4 2.0/0.000; n=46 ~330-340 n=4 
Permian 
LN-02 289.0+/-2.2 1.4/0.071; n=32 298.6+/-1.9 0.31/0.97; n=10 
   309.3+/-2.2 0.69/0.68; n=8 
   ~326-334; ~377; ~439 n=2; n=1; n=1 
GRA-01 281.8+/-2.2 1.5/0.034; n=39 ~311 n=1 
Early Triassic 
SH47 245.4+/-1.9 1.08/0.34; n=39 ~265 n=1 
ROO-02 245.8+/-1.9 1.01/0.45; n=39 ~283 n=1 
GLO-02 245.9+/-2.0 1.09/0.33; n=30 ~261-265 n=2 
Early Cretaceous 
PLEA-01 126.84+/-3.2 1.6/0.007; n=43 - - 
ROU-02 125.9+/-3.1 2.2/0.000; n=32 ~136.5 n=1 
HB-01 124.10+/-3.1 1.16/0.22; n=46 ~129-134 n=4 
Tertiary 
BLA-02 34.3+/-1.4 2.5/0.001; n=16 240.6+/-7.6 1.3/0.29; n=4 
BEL-02 33.23+/-0.7 0.33/1.000; n=28 - - 
*Concordia ages; MSWD and probability are for Concordance+Equivalence values (Ludwig, 2008) 
**Upper intercept age on Terra-Wasserburg plot 
*** This younger age is in agreement with other ages obtained from Triassic igneous rocks and is interpreted to have been 
affected by Pb loss in the Triassic 
K-Ar age obtained on biotite (Allen et al., 1998). Middle Cretaceous igneous activity 
was significant in the Bowen-Mackay area and other plutons have also had the K/Ar 
chronometer reset (Allen et al., 1998). The K-Ar age is thus interpreted to be a 
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thermally reset age. The Lady Norman granodiorite (LN-02) was previously dated 
by K-Ar on amphibole at 260.2+/-5 Ma (Webb & McDougall, 1968), an age 
significantly younger than the new U-Pb age obtained in this study. The previous K-
Ar age is interpreted to represent a cooling age or partially reset age due to younger 
probable thermal disturbance. The Grant Creek Granite was previously dated at 
274+/-5 Ma by K-Ar (Webb & McDougall, 1968), an age that is younger than the 
age obtained in this study. The K-Ar age more likely represents a cooling age. The 
U-Pb zircon age for Mount Rooper rhyolite (ROO-02) does not agree with the 
younger 229.2+/-8 Ma whole-rock Rb-Sr age (Parianos, 1993). In this case the Rb/Sr 
chronometer is interpreted to have experienced some disturbance. The new 
emplacement age for the Passage Islet Granite (GLO-02) contrasts with the younger 
228.7+/-4 Ma K-Ar age on biotite (Parianos, 1993), which may be interpreted as a 
cooling age or reflect thermal disturbance by younger Cretaceous heating.  
Two dated units were found to be in agreement with previous geochronology. The 
Birds Nest granodiorite (BN-02) was previously sampled at a different location and 
zircons dated by SHRIMP gave an age of 327.9+/-2.4 Ma (Cross et al., 2012). These 
two ages are within uncertainty given the SHRIMP uncertainty is 1σ. The new 
emplacement age obtained for Mount Blackwood (BLA-02) is within uncertainty 
with the previous 32.6+/-1.5 and 31.8+/-1.5 K-Ar ages on alkali-feldspar and 
chloritised biotite, respectively (McDougall & Slessar, 1972). Consequently, this 
study provided new geochronological constraints on 14 units, including 9 that were 
not previously dated. 
6.4.4. Zircon chemistry 
Mineralogy and whole-rock chemistry of high-silica igneous rocks in the Bowen-  
Mackay area indicated that U- and Th- enrichment (in comparison to upper crustal 
values; Section 0) is essentially source-controlled (Chapter 5). Similar to Chapter 4, 
zircon chemistry is used to unravel the origin of the U- and Th-enrichment of the 
igneous rocks and thus to confirm key conclusions from Chapter 5. Before 
interpreting the chemical compositions of zircons, is it crucial to filter the data to 
exclude any analyses that may have ablated inclusions such as apatite, monazite or 
rutile. Zircons from LN-02, BEL-02, BLA-02, GLO-02, CUR-02 and MH-01 are the 
most affected by the presence of inclusions with 12 to ~30% analyses exhibiting 
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elevated P, La, Ce or Ti contents (Figure 6.8). In contrast to findings from Chapter 4, 
no correlation exists between the number of analyses affected by common Pb and 
those that have intercepted inclusions. Consequently, samples with high common Pb 
and low inclusion contents (e.g., Cretaceous rocks and BN-02) suggest zircons are 
common Pb-bearing, whereas samples with abundant inclusions and low common Pb 
contents (e.g., LN-02) indicate the inclusions are not rich in common Pb. 
 
Figure 6.8. Percentage of analyses affected by common Pb versus percentage of analyses, for 
which inclusions were ablated, based on P, La, Ce and Ti contents and trace element variations. 
Zircon chemistry varies between different rock samples. Zircons from Group 1 
igneous rocks (Tertiary and Triassic) and Group 2 Early Carboniferous granitoids 
exhibit flat REE patterns (high DyN/LuN), low Th/U values (<1), and commonly high 
U contents (>300 ppm) whereas other Group 2 (Cretaceous, Permian and late 
Carboniferous) zircons exhibit steep REE patterns, higher Th/U, and lower U content 
at low Zr/Hf (Figure 6.9). Zircons from the more mafic Mount Blackwood intrusion 
differ with lower U contents. The range of Ce/Ce* in zircons is high for most Group 
1 igneous rocks reaching values >300 whereas Group 2 igneous rocks exhibit a much 
more restricted range with Ce/Ce* <300 (Table 6.5). In addition, samples that exhibit 
a wide range of Ce/Ce* commonly exhibit Eu/Eu* >0.30 whereas samples that 
exhibit a narrower range have Eu/Eu* <0.30. 
Th and U contents in zircons from igneous rocks of the Bowen-Mackay area are 
commonly <0.1 wt%, and not particularly anomalous. Overall, xenocrystic zircons 
have similar or lower U and Th contents than emplacement age zircons (Figure 6.10). 
This finding is similar to the southwest Queensland granites (Chapter 4), and 
indicates either that U- and Th-rich zircons did not exist in the source or if present 
did not survive partial melting, transfer and residence in the new silicic melt. 
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Figure 6.9. Zircon chemistry for all samples from the Bowen-Mackay region. Analyses affected by 
inclusions are excluded. A. Log(U) versus Zr/Hf; B. DyN/LuN versus Th/U.N indicates concentrations 
were normalised to chondrite using values from Sun and McDonough (1989). 
 
Table 6.5. Ce and Eu anomalies in zircons.  
 Sample Ce/Ce* (range) Eu/Eu* n 
Early Carboniferous CAP-04 18.7-874.5 0.30+/-0.11 39 
CUR-02 16.90-307.69 0.28+/-0.15 22 
MH-01 6.1-89.6 0.17+/-0.04 17 
Late Carboniferous BN-02 9.4-201.1 0.19+/-0.10 24 
HECT-01 8.9-236.7 0.30+/-0.10 18 
VIO-01 22.0-405.5 0.30+/-0.07 40 
Permian LN-02 50.9-430.1 0.28+/-0.04 24 
GRA-01 15.6-724.0 0.37+/-0.09 39 
Triassic SH47 15.3-211.9 0.052+/-0.019 35 
ROO-02 5.0-60.8 0.11+/-0.02 37 
GLO-02 14.1-160.2 0.23+/-0.06 26 
Early Cretaceous PLEA-01 22.1-264.4 0.41+/-0.09 43 
ROU-02 7.9-389.8 0.38+/-0.15 32 
HB-01 21.9-288.4 0.40+/-0.10 46 
Tertiary BLA-02 4.9-114.4 0.12-+/-0.07 16 
BEL-02 - - - 
Grey fill highlights Group 1 igneous rocks and white fill highlights Group 2 igneous rocks; Only values for 
emplacement ages and analyses not affected by inclusions are listed. 
Furthermore, U and Th contents are not preferentially stored in zircon cores or zircon 
rims. Instead, each rock sample comprises zircons with U-rich cores and U-rich rims. 
6.4.5. Hf isotopes 
Hf isotopes reveal radiogenic isotopic signatures for the Early Carboniferous CUR-
02 and CAP-04 and Permian igneous rocks with ƐHf = -8 to +1, moderately 
radiogenic signatures for Tertiary, Late Carboniferous and Triassic igneous rocks 
(ƐHf = 0 to +9) and more juvenile compositions for the Cretaceous (ƐHf = +7 to +11) 
(Figure 6.11). CUR-02 and CAP-04 zircons provide Precambrian 1180 to 1400 Ma 
model ages, Permian zircons yield 1100 to 1200 Ma model ages whereas Cretaceous 
zircons give 430 to 580 Ma model ages. The remaining samples align along crustal 
growth curves depicted in Figure 6.11 with model ages of 650-1000 Ma (Table 6.6). 
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Figure 6.10. U and Th content in analysed zircons (excluding those affected by inclusions and 
extreme outliers) classified by age interpretation: A. CAP-04; B. CUR-02; C. BN-02; D. LN-02; E. 
HB-01; F. BLA-02. 
6.5. DISCUSSION 
6.5.1. Key processes responsible for the heat-producing capacity of igneous 
rocks in the Bowen-Mackay area, insights from zircon chronochemistry 
Mineralogical and whole-rock chemical examinations indicated that a source control 
is the dominant key process by which igneous rocks acquired their U and Th contents 
(Chapter 5). Zircon chemistry reveals that within each rock sample, both U- and Th-
rich zircon cores and zircon rims coexist. However, averages of U and Th contents 
for each rock sample indicate that U and Th enrichment in zircon cores occur in the 
Early Carboniferous MH-01, Late Carboniferous igneous rocks, Triassic ROO-02 
and GLO-02, and Cretaceous PLEA-01 granites (Figure 6.12). In contrast, zircons 
from Early Carboniferous CAP-04 and CUR-02, Permian GRA-01 and LN-02,  
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Figure 6.11. A. 
176
Hf/
177
Hf vs time; B. ƐHf versus time; growth curves are drawn using a Lu/Hf equal 
to 0.0125 after Chauvel et al. (2014); 
176
Hf/
177Hf is calculated using a decay constant λ176Lu=1.867.10-
11
 y
-1
 (Söderlund et al., 2004), ƐHf is calculated using chondritic values from Bouvier et al. (2008); 
CHUR is Chondritic Uniform Reservoir. The depleted mantle line is drawn using values from Griffin 
et al. (2000). 
 
Table 6.6. Crystallisation age and two-stage Hf model ages 
 Sample Crystallisation 
age 
Hf model 
age 
Min Hf 
Model age 
Max Hf 
model age 
Early 
Carboniferous 
MH-01 337 797+/-44 723 869 
CAP-04 337 1352+/-33 1303 1397 
CUR-02 348 1328+/-133 1181 1657 
Late 
Carboniferous 
VIO-01 313 943+/-48 821 1004 
HECT-01 318 702+/-36 648 753 
BN-02 320 732+/-56 675 850 
Permian GRA-01 283 1229+/-52 1126 1316 
LN-02 293 1148+/-20 1126 1189 
Triassic SH47 245 693+/-21 663 731 
GLO-02 246 730+/-27 682 756 
ROO-02 244 808+/-38 737 872 
Early Cretaceous ROU-02 126 476+/-18 435 493 
HB-01 125 527+/-29 484 577 
PLEA-01 127 536+/-27 495 579 
Tertiary BEL-02 33 744+/-38 685 802 
BLA-02 34 904+/-39 827 952 
Grey shaded samples are Group 1 samples, unshaded Group 2. 
Triassic SH47, Cretaceous HB-01 and ROU-02 and Tertiary BLA-02 samples 
commonly exhibit U and Th enrichment in their rims. Importantly, none of the 
samples exhibit significant decoupling of U and Th as observed for S-type 
subsurface granitic rocks in the southwest Queensland area (Section 4.5.3.3). 
U and Th enrichment in zircon cores in the large proportion of rock samples analysed 
in the Bowen-Mackay area (Samples above 0 in Figure 6.12) support the argument  
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Figure 6.12. Differences (Core – rim) of the average U or Th content in zircons (only zircons 
providing the emplacement age, not affected by inclusions, and not representing a mixed analysis 
between rim and core, are considered). Samples above zero indicate enrichment in either Th or U in 
the core while samples below zero indicate depletion in U or Th in the core in comparison to the rim. 
for a source control. However, U and Th contents of xenocrystic zircons are not 
higher than emplacement age zircons revealing that any U- and Th-enrichment in 
zircons does not derive from much older sources bearing U- and Th-rich zircons. 
Recognising antecrystic populations are consequently crucial to determine whether U 
and Th abundance and enrichment is source derived. While it is beyond the scope of 
this study to determine antecrystic populations, techniques applied in Chapter 4 can 
be used to shed light on whether some rock samples comprise more U and Th-rich 
antecrystic zircons. 
Chemical analyses of zircons suggest the substantial presence of antecrystic zircons 
Zircons from CAP-04, GRA-01, SH47, ROU-02 and HB-01 mostly exhibit a normal 
zoning whereas zircons from other rock specimens show both normal and reverse 
zoning (Figure 6.13). Furthermore, the variability of zircon morphologies as 
expressed by the wide range of LW ratios does not correlate to differentiation indices 
such as Zr/Hf. Inconsistencies between differentiation indices and LW ratios suggest 
the presence of antecrystic zircons. Comparison between the two zircon 
geothermometers (Ti in zircon temperature, TTiz and zircon saturation temperature, 
TZrsat) suggests the majority of zircons from ROU-02 are antecrystic as well as a 
lesser proportion of zircons from CUR-02, MH-01, PLEA-01, HECT-01 and CAP-04  
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Figure 6.13. Zircon chemistry for zircons for which both rims and cores were analysed; Each row corresponds to a sample and each column to a specific differentiation index. 
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 (Figure 6.14A). These antecrystic zircon characteristics correspond to both core and 
rim domains of analysed zircons and are not always enriched in U and Th (Figure 
6.14B, C and D). The large proportion of antecrystic zircons in Early Carboniferous 
granitic rocks of the Bowen-Mackay area (MH-01, CUR-02 and CAP-04) is a feature 
that is also regionally observed (see Section 4.4.5.3; Bryan et al., 2004). 
 
Figure 6.14. Ti temperature in zircon versus whole-rock zircon saturation temperature. Color coded 
by A. rock sample, B. core and rim, C. U content in zircon and D. Th content in zircon. 
In summary, mineralogy, whole-rock chemistry and zircon chemistry all indicate a 
source-control on HPE enrichment in igneous rocks. The location of U- and Th- 
bearing accessory phases in early crystallising minerals, and the lack of correlation 
between heat production and typical fractionation indices (e.g., Rb/Sr, Eu/Eu*) 
strongly indicated a source-control (Chapter 5). In this Chapter, zircon chemistry 
indicated that xenocrystic and antecrystic zircons are not more U and Th-rich in 
comparison to autocrystic zircons. This does not preclude, however, that U and Th- 
enrichment is not source-derived, but that the sources did not contain U and Th-rich 
zircons. 
6.5.2. Integrating mineralogical and compositional groupings with Hf isotopic 
signatures 
In Chapter 5, several hypotheses were discussed for crustal sources of Group 1 and 
Group 2 igneous rocks. The preferred hypothesis was that for each group, the heat 
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producing capacities of igneous rocks reflect crustal sources with varying heat-
producing values. Hf isotopes in zircons highlight a wide range of isotopic signatures 
for the compositionally homogeneous Group 1 (Figure 6.15B). In contrast to 
Group 1, Group 2 igneous rocks, which exhibit more variable mineralogical and 
compositional characteristics, have similar Hf isotopic signatures. As expected, the 
variety of Hf isotopic signatures reveals multiple crustal sources for Group 1, with 
two sources for Permo-Carboniferous igneous rocks and an overall younger source in 
the Cretaceous. In contrast, the similar Hf isotopic signatures for igneous rocks from 
Group 2 may be interpreted as a unique crustal source. This is, however, inconsistent 
with the large variability of mineralogical and compositional characteristics of Group 
2 which suggested at least two sources. Additionally, based on mineralogical and 
compositional differences (e.g., I- vs A-type), Group 1 and Group 2 igneous rocks 
are interpreted to have separate crustal sources, but three samples from Group 1 
(MH-01, HECT-01 and BN-02) exhibit similar Hf characteristics to Group 2. If only 
one source was involved, reworking of this source in the Early Carboniferous, Late 
Carboniferous, Triassic and Tertiary, should lead to a gradual decrease of HPE in 
magmas over time (Figure 5.1C). Instead, the Triassic and the Tertiary rocks are the 
most heat-producing in the study area (Figure 6.15C). 
The similar Hf isotopic signature for Early and Late Carboniferous igneous rocks 
from Group 1, and Triassic and Tertiary igneous rocks from Group 2, is interpreted 
to relate to the origin of A-type granite, i.e., the reworking of a calk-alkaline tonalite 
or granodiorite (Creaser et al., 1991; Patiño Douce, 1997). Tertiary and Triassic 
igneous rocks could have reworked an Early Carboniferous or Late Carboniferous 
tonalite/granodiorite source and inherit their isotopic signatures. The model Hf ages 
of the A-type granite therefore, do not directly correspond to a Proterozoic source, as 
suggested by model ages (Figure 6.15D), but instead to the partial remelting of 
Carboniferous granitoids. 
6.5.3. Nature and age of crustal sources 
The nature of the underlying crust in the Bowen-Mackay area is investigated using 
constraints from bulk-rock composition including HPE contents, zircon inheritance, 
Hf isotopes in zircons, and knowledge on the geological terranes within the study 
area and its surroundings (Section 6.2.3). Beyond direct evidence of Precambrian and 
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Figure 6.15.A. Heat production spectrum for Group 1 igneous rocks; B. Hf isotopes for Group 1 
igneous rocks; C. Heat production spectrum for Group 1 igneous rocks; D. Hf isotopes for Group 2 
igneous rocks 
Phanerozoic inherited zircons in I- and A-type igneous rocks, Precambrian and 
Phanerozoic Hf model ages indicate the reworking of igneous crustal basement. The 
overall lack of zircon inheritance and absence of S-type granitic rocks reinforce the 
interpretation that this crust is principally igneous in origin. 
As discussed in Section 4.5.4, Hf model ages are useful tools to unravel the nature 
and age of the crust but are strongly limited by assumptions in their 
176
Lu/
177
Hf ratio 
of the protolith. Consequently, Hf model ages discussed in the following section may 
have uncertainties of up to 500 Myr. Hf isotopes reveal three main isotopic 
signatures in the sample suite (Figure 6.16). If considering that each Hf isotopic 
signature relates to a singular crustal source, then three crustal sources of the 
following ages are implied: 1) a ~430-580 Ma source in the Cretaceous, 2) a ~650-
1000 Ma for Early and Late Carboniferous, Triassic and Tertiary, 3) a 1100-1660 for 
Early Carboniferous and Permian intrusive rocks. However, several source 
components must have been involved in granite generation, because each sample  
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Figure 6.16. ƐHf vs age. Growth curves are drawn using a Lu/Hf equal to 0.0125 after Chauvel et al. 
(2014); 
176
Hf/
177Hf is calculated using a decay constant λ176Lu=1.867.10-11 y-1 (Söderlund et al., 2004), 
ƐHf is calculated using chondritic values from Bouvier et al. (2008); CHUR is Chondritic Uniform 
Reservoir. The depleted mantle line is drawn using values from Griffin et al. (2000). 
exhibits a range of ƐHf, corresponding to a span of >100 Myr model ages, and 
because model ages do not necessarily overlap with known igneous activity (see 
green growth curves in Figure 6.16). Most igneous rocks sampled are highly silicic 
and relatively non-fractionated indicating that they acquired their silicic character by 
crustal partial melting and consequently no contemporaneous mantle-derived 
materials contributed to magma volume. Instead, mantle-derived magmas provided 
the necessary heat to initiate crustal melting.  
Using potential crustal sources as end-members (Table 6.7), two different sources are 
inferred for the Early Carboniferous to explain the different isotopic signatures 
observed in MH-01, and CAP-04 and CUR-02. Variability of Hf isotopes in the latter 
two samples, indicate the reworking of Musgrave (1220-1150 Ma) and Georgetown 
(1880-2325 Ma) type crustal materials (Figure 6.16). In particular, the isotopic 
signatures of CAP-04 and CUR-02 can be explained by mass balance with the 
reworking of ~80% of a 1200 Ma source and ~20% of a 1900 Ma source. This is also 
supported by the ~1250 Ma zircon age population (n=11) in CUR-02. The presence 
of Silurian and Ordovician zircon inheritance suggests the involvement of a small 
proportion of younger Phanerozoic components in the source region. Consequently,  
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Table 6.7. Nature of the crustal basement from surrounding geology and granulitic xenoliths 
Potential crustal sources Known occurrence Reference 
Silurian 
Lolworth-Ravenswood Province Hutton (2004) Ordovician 
Cambrian 
560 Ma 
Princhester serpentinite; Ophiolitic Complex in the 
Malborough Province 
Bruce & Niu (2000); Bruce et 
al. (2000) 
1150-1220 Ma 
Musgrave-type crust; beneath the Thomson-Orogen 
and the Lolworth-Ravenswood Province 
Chapter 4; Hutton (2004) 
1545-1585 Ma Igneous activity in the Georgetown Inlier 
Murgulov et al. (2013) 
1880-2325 Ma Hf model ages from the Georgetown Inlier 
420 to 1840 Ma 
Inherited zircon ages in granulitic xenoliths at the 
northern tip of the Bowen Basin 
Allen & Williams (1998) 
the crustal sources involved for the generation of the more heat-producing and more 
radiogenic early Carboniferous granitoids consist dominantly of a Mesoproterozoic 
Musgrave-type crust, with subordinate Paleoproterozoic Georgetown-type crust and 
Silurian to Cambrian Lolworth-Ravenswood Province-type crust (See pie diagram 
and crustal profile in bottom half of Figure 6.17, and Table 6.7). In contrast, the 
sources involved for the less heat-producing and more isotopically juvenile MH-01, 
include a larger contribution of Phanerozoic Lolworth- 
Ravenswood-type of crust, as suggested by Hf isotope and zircon inheritance 
(inherited populations at 352 Ma and 414 Ma, Table 6.4), and a Mesoproterozoic 
Musgrave-type crust, but a lack of Georgetown type crustal materials (Figure 6.17). 
Based on Silurian to Cambrian and Early Carboniferous zircon inheritance (Tables 
6.1 and 6.4), Silurian to Cambrian Lolworth-Ravenswood-type and Early 
Carboniferous crustal materials are interpreted as crustal sources in the generation of 
Late Carboniferous granitoids. In addition, a Mesoproterozoic Musgrave-type of 
crust must have been reworked to explain the isotopic signatures (Figure 6.17). This 
variation of isotopic signatures in the Late Carboniferous is interpreted to result from 
the different percentages of those three crustal sources involved in magma 
generation. 
Five crustal sources are inferred for Permian igneous rocks based on Hf isotopic 
signatures and zircon inheritance. First, a proportion of Georgetown-type crust is 
suggested based on Early Mesoproterozoic to Archean zircon inheritance (Cross et 
al., 2012), and on the most isotopically radiogenic analyses on zircons from GRA-01 
which suggest that a component older than Musgrave-type crust was involved in 
magma generation (Figure 6.16). Second, the bulk Mesoproterozoic Hf model ages 
for Permian igneous rocks (Figure 6.16), and zircon inheritance at ~1100-1200 Ma 
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Figure 6.17. Schematic crustal evolution model for the Bowen-Mackay area. From top to bottom, 
tectonic settings, heat production pattern, Hf isotopic signatures pattern, proportion of crustal sources 
and surface area of exposed igneous rocks (pies size), schematic crustal profiles over time (not at 
scale). White boxes indicate the portion of the crust that is reworked at each tectonomagmatic event. 
(Cross et al., 2012) suggest that a proportion of Musgrave-type crust was also 
involved. Third, the most juvenile isotopic signatures suggest one or several source 
components that are younger than Musgrave-type crust. Such source is expected to 
be Phanerozoic in age, the next potential younger source in the study area (see green 
growth curves in Figure 6.16 and Table 6.7). This is further reinforced by Silurian to 
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Cambrian zircon inheritance in Permian igneous rocks (This study, Withnall et al., 
2009; Cross et al., 2012) suggesting the reworking of a proportion of Lolworth-
Ravenswood-type of crust. Fourth, Early and Late Carboniferous zircon inheritance 
(This study, Withnall et al., 2009; Cross et al., 2012) also suggest that both Early and 
Late Carboniferous crustal materials were involved. 
Triassic igneous rocks comprise scarce Permian zircon inheritance (Table 6.4) 
suggesting that Permian crustal materials were involved in magma generation. The 
similar Hf isotopic signatures between Triassic igneous rocks, and Early and Late 
Carboniferous granitoids (Figure 6.16), suggest either the same source or the 
reworking of Carboniferous granitoids. Due to the higher HPE contents of Triassic 
igneous rocks in comparison to Carboniferous granitoids, a similar source rock is 
precluded (see Section 6.5.2). Two possibilities arise for the generation of Triassic 
igneous rocks: 1) a dominantly Carboniferous (either Early or Late) granitoid with 
some Permian crustal materials, 2) a ~50% Triassic mantle-derived magmas and 50% 
Permian granitoid, as suggested by mass balance to explain the isotopic signatures 
(Figure 6.17). The first possibility is preferred because it is consistent with the 
elevated silica content of Triassic igneous rocks, whereas the second option involves 
50% of mafic materials which should lead to magmas that are more intermediate in 
composition. Because Triassic igneous rocks have not undergone extensive fractional 
fractionation this second possibility is considered unlikely (Section 6.5.1). 
Early Cretaceous granitoids are isotopically juvenile with Hf model ages ranging 
between 435 and 280 Ma (Table 6.6), and contain rare and Phanerozoic zircon 
inheritance (Late Cambrian and Cretaceous in age, Tables 6.1 and 6.4). Both suggest 
that Early Cretaceous intrusive rocks derive from the reworking of Early and Late 
Carboniferous, Permian, Triassic and Early Cretaceous mantle-derived magmas 
(Figure 6.17). 
Tertiary igneous rocks are interpreted here to be sourced from remelting of either: 1) 
a dominant Carboniferous granitoid source rock and some Triassic igneous 
contribution, or 2) an entirely Triassic granitoid source rock. Evidence for a Triassic 
source includes scarce Triassic zircon inheritance in the Tertiary Mount Blackwood 
granodiorite (BLA-02) (Figure 6.17). Evidence for an older Carboniferous source 
contribution derives from the similar Hf isotopic signature to Tertiary igneous rocks 
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and the interpretation that Tertiary A-type igneous rocks in the study area originate 
from the reworking of a calc-alkaline tonalite or granodiorite (see Section 5.5.3.2 and 
Creaser et al., 1991; Patiño Douce, 1997). An older Proterozoic (685-950 Ma) source 
being partially remelted, as suggested by Hf model ages, can be excluded based on 
the lack of Proterozoic zircon inheritance, the absence of known geological material 
of this age in the study area and surrounding terranes (Table 6.7), and the evidence 
that Tertiary A-type granitoids do not derive from the reworking of mantle-derived 
magmas but rather derive from the reworking of products from previous partial 
melting events (see above). 
In summary, for most igneous events, several crustal sources of different ages were 
involved at the site of partial melting. The number of crustal sources is more 
important for large-scale magmatic systems (Group 1) with only one or two crustal 
sources involved in the generation of small-scale Group 2 igneous rocks (Figure 
6.17). The age of crustal sources involved in the Permo-Carboniferous are older with 
both Mesoproterozoic and Paleoproterozoic crustal materials involved, whereas 
Triassic to Tertiary magmatism involved more Phanerozoic crustal sources, in 
particular upper crustal sources (e.g., products of previous partial melting events) for 
Triassic and Tertiary igneous rocks, and lower to middle crustal sources for 
Cretaceous granitoids. 
6.5.4. Crustal evolution, integrating the scale of magmatism, mineralogical and 
compositional groupings, heat production patterns over time and Hf 
isotopic signatures 
The heat production pattern over time mirrors the zircon Hf isotopic signature 
(Figure 6.17; exception for the Triassic) revealing that crustal source compositions 
have a strong impact on the heat production capacity of igneous rocks. In particular, 
igneous rocks characterised by the most elevated heat production values are also the 
most radiogenic and reflect partial melting of a significant proportion of Precambrian 
crust (black and green colours in pie diagrams and crustal columns of Figure 6.17). 
As discussed in Chapters 2 and 4, Precambrian crust in Australia is generally high-
heat-producing. Consequently, the reworking of such material (see Section 6.5.3 for 
age of crustal sources) increases the heat production potential of igneous rocks. In 
contrast, Triassic igneous rocks do not follow such pattern having a more isotopically 
juvenile and more heat-producing character (Figure 6.17). As argued in Chapter 5 
and here, Triassic and Tertiary igneous rocks derive from the reworking of 
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Phanerozoic granitoids and may therefore have acquired their higher heat production 
capacity by the low degree partial melting of a more silicic, hence, more heat-
producing source. 
Large-scale magmatic systems and small-scale magmatic systems can both lead to 
the generation of relatively HPE-enriched igneous rocks (Figure 6.17). It is the 
nature of crustal sources that is important for the generation of igneous rocks with 
elevated HPE contents. In the Bowen-Mackay area, HPE-enriched igneous rocks 
generated in large-scale systems (e.g., Early Carboniferous granitoids) acquire their 
elevated HPE contents by reworking a larger proportion of HPE-rich Precambrian 
crustal material. In contrast, elevated HPE contents for rocks generated in small-scale 
magmatic systems (e.g., Triassic and Tertiary igneous rocks) acquire such elevated 
values by partially remelting HPE-rich products of previous partial melting events. 
6.5.5. Testing existing models 
Broadly, long-term compositional trends for Hf isotopic signatures indicate a trend 
towards more juvenile isotopic signatures from the Early Carboniferous to the Early 
Cretaceous, followed by a return to more radiogenic compositions in the Tertiary 
(Figure 6.18). The isotopic signatures for Tertiary A-type igneous rocks do not 
reflect the partial melting of a Proterozoic crustal material (Section 6.5.3), but are 
inherited from their source (Carboniferous or Triassic granitoids). Consequently, 
over time, igneous rocks from the Bowen-Mackay area indicate a trend towards more 
juvenile compositions. This is in agreement with trends observed in the Thomson and 
Lachlan orogens (Section 4.5.4) and with previous studies within the study area 
(Allen et al., 1997; Allen, 2000) and more regionally (Collins et al., 2011). 
After unravelling the nature of crustal sources for each igneous event (Section 6.5.3), 
it is clear that older crust, in particular Georgetown- and Musgrave-type crustal 
materials, was not present at the source of melt generation after the Permian (see pie 
diagrams and the loss of green and black colours after the Permian, in Figure 6.17). 
The trend towards more juvenile isotopic signatures may, therefore, have been abrupt 
after the Permian igneous event. This is in agreement with Allen et al. (1997) and 
Allen (2000), where significant addition of mantle-derived magmas into the crust in 
the Permian was interpreted to have strongly affected the character of the lower 
crust. 
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Figure 6.18. Isotopic evolution trends in the Bowen-Mackay area 
Results from this study are, however, in disagreement with observations made by 
Kemp et al. (2009), where a trend towards more isotopically juvenile signatures is 
coupled with a temporal shift from S- to I- to A-type compositions. In this study, no 
S-type granites occur, but this could result from the small-scale of the study area. A 
shift from I- to A-type is observed with I-type granites in the Permo-Carboniferous, 
followed by A-type granites in the Triassic, and a return to I-type granitoids in the 
Early Cretaceous, and A-type compositions in the Middle Cretaceous and Tertiary. 
However, the Tertiary A-type igneous rocks have more radiogenic isotopic 
signatures in comparison to the preceding more juvenile Cretaceous I-type igneous 
rocks, therefore contradicting the coupling suggested by Kemp et al. (2009). 
Reversals to this trend are important as they illuminate on the processes involved in 
crustal evolution and crustal growth. 
The trend towards more isotopically juvenile signatures is also coupled with a lesser 
isotopic diversity (Figure 6.18). In particular for the Bowen-Mackay area, Permo-
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Carboniferous igneous rocks exhibit a variation of >15 ƐHf units whereas Early 
Cretaceous igneous rocks are characterised by a much smaller range (<5 ƐHf units) 
(Figure 6.18A). Similar trends are observed for the Lachlan and Thomson orogens 
but the rates for which the isotopic diversity diminishes is different for each orogen 
(Table 6.8). The rates towards more isotopically uniform and juvenile signatures are 
faster for the Lachlan Orogen (Table 6.8 and Figure 6.19). Both the Lachlan Orogen 
and northern NEO, however, show reversals to more isotopically radiogenic 
compositions (Figures 6.3 and 6.19). For the northern NEO this reversal is explained 
by the origin of the Tertiary A-type granites, which derive from the partial remelting 
of Phanerozoic granitoids and hence inherit the isotopic signature of their source. For 
the Lachlan Orogen, the reversal may relate to lateral crustal variation as the younger 
and more radiogenic Carboniferous Bathurst Granite (Shaw et al., 2011), is located at 
least 150 km north of the other samples. 
 
Table 6.8. Rate of isotopic signatures for selected orogens of the Tasmanides, Eastern Australia 
 From diverse to uniform isotopic signatures  From radiogenic  to more juvenile isotopic 
signatures 
Orogen Comments Time 
diff. 
(Ma) 
Diff. 
(ƐHf 
units) 
Rate 
(ƐHf 
unit/Ma) 
 Comments Time 
diff. 
(Ma) 
Diff. 
(ƐHf 
units) 
Rate 
(ƐHf 
unit/Ma) 
Lachlan 
Orogen 
From 30 units at 
450 Ma to 10 
units at 370 Ma 
80 20 0.25  From ƐHf=~-8 at 
430 Ma to ƐHf 
=~+8 at 370 Ma 
60 10 0.17 
Thomson 
Orogen 
From 10 units at 
490 Ma to 5 
units at 360 Ma 
130 5 0.04  From ƐHf=~-10 at 
490 Ma to ƐHf 
=~-2 at 360 Ma 
130 8 0.06 
North 
NEO 
From 20 units at 
300 Ma to 5 
units at 130 Ma 
170 15 0.09  From ƐHf=~-2 at 
340 Ma to ƐHf 
=~+10 at 130 Ma 
210 8 0.04 
Abbreviation: diff., difference 
The long-lived and highly productive igneous history of the Bowen-Mackay area 
reflecting numerous crustal partial melting events indicates a crust that remains 
relatively fertile and able to generate large igneous volumes. This suggests the crust 
is rejuvenated through the addition of mantle-derived magmas during these major 
crustal melting events. The addition of these mantle-derived magmas contribute to 
crustal melting by providing heat (conductive heat transfer and latent heat of 
crystallisation) to the surrounding crust. In a succeeding partial melting event, 
mantle-derived magmas previously added to the crust may be partially melted 
thereby leading to a more isotopically juvenile character of the crust. As a 
consequence of repeated crustal melting events, igneous rocks record a long-term 
shift towards more positive Hf values and suggest the loss of ancient crust from the 
crustal source regions. The apparent loss of radiogenic isotopic signatures, rather  
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Figure 6.19. Hf isotopes for the Tasmanides organised by orogens; Data are from this study (Chapters 
4 and 6), unpublished data (Purdy, pers.comm., 2014) and published data (Kemp et al., 2005b; 
Belousova et al., 2006; Kemp et al., 2007; Murgulov et al., 2008; Fu et al., 2009; Kemp et al., 2009; 
Glen et al., 2011; Phillips et al., 2011; Shaw et al., 2011; Murgulov et al., 2013). Growth curves are 
drawn using a Lu/Hf equal to 0.0125 after Chauvel et al. (2014); 
176
Hf/
177
Hf is calculated using a 
decay constant λ176Lu=1.867.10-11 y-1 (Söderlund et al., 2004), ƐHf is calculated using chondritic 
values from Bouvier et al. (2008); CHUR is Chondritic Uniform Reservoir. The depleted mantle line 
is drawn using values from Griffin et al. (2000). 
than being physically lost and removed from the crust as one mechanism suggested 
by Collins et al. (2011), may result from the combined effects of: 1) melt depletion 
making those crustal materials more refractory, 2) “crustal jacking” whereby 
underplating drives pre-existing crust to higher structural levels, and 3) dilution 
through crustal invasion by mantle-derived magmas forming dyke-sill networks 
through the crust. However, depending on the locus of melting within the evolving 
crustal profile, older sources may “reappear” (e.g., Tertiary) by partially melting the 
products of previous partial melting events, and contributing to younger magmas. 
This process reverses the apparent long-term trends to more positive Hf isotopic 
signatures and an apparent juvenile wholesale character to the crust. 
In addition to the more isotopically juvenile character of the crust, the loss of isotopic 
diversity over time may result from the repeated occurrence of large-scale magmatic 
systems. Large-scale magmatic systems are associated with abundant underplating of 
mantle-derived magmas which dilute the crust and provoke extensive crustal partial 
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melting of multiple crustal sources. Repeated partial melting of multiple crustal 
sources homogenises on the long-term crustal isotopic composition, therefore leading 
to source regions with a more isotopically uniform character. 
6.6. CONCLUSIONS 
Mineralogy, whole-rock chemistry and zircon chemistry collectively indicate a 
dominant source control for U and Th enrichment in the studied igneous rocks. Heat 
production capacity is correlated with zircon Hf isotopic composition suggesting it is 
principally source-controlled. Heat production over time mirrors Hf isotopic 
signatures where rocks with elevated heat production values, also exhibit more 
radiogenic isotopic signatures. This indicates a significant involvement of 
Precambrian material in the source region. Precambrian igneous rocks in Australia 
are known to be high heat-producing (Chapters 2 and 4), explaining the relatively 
higher heat production values of granitic rocks deriving from such a source.  
Silica-saturated Tertiary igneous rocks in the study area derive from the reworking of 
products from previous partial melting events. The radiogenic isotopic signature for 
Tertiary igneous rocks is thus inherited from the ultimate source, and indicates that 
the source igneous rocks derived from partial melting of a Proterozoic source. The 
trend towards a more isotopically juvenile signature over time observed by Allen et 
al. (1997) and Allen (2000) in the study area and more regionally by Collins et al. 
(2011) is broadly confirmed by this study. This trend is also observed for several 
orogens in Eastern Australia and globally for the Tasmanides (Figures 6.3 and 6.19). 
However, the mechanisms by which this develops is less clear. Collins et al. (2011) 
suggested the removal of ancient crust by mechanical subduction erosion and thermal 
erosion in a back-arc setting. Kemp et al. (2009) observed that the trend towards a 
more isotopically juvenile composition is coupled with the temporal shift from S- to 
I- to A-type compositions, and interpreted this to reflect a greater contribution of 
mantle-derived magmas during the switch from an arc to back-arc to intraplate 
setting. However, both models are not entirely applicable to the study area. The 
results of this study indicate that Tertiary A-type igneous rocks are more radiogenic 
than their preceding Cretaceous I-type granitoids, therefore contrasting with the 
trends observed in the southern Tasmanides by Kemp et al. (2009). 
The apparent loss of radiogenic isotopic signatures, and loss of isotopic diversity 
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over time is interpreted to result from the combination of several mechanisms. First, 
melt depletion whereby older crustal materials become more refractory. Second by 
abundant addition of mantle-derived magmas into the crust, which in large-scale 
magmatic systems, provoke significant “crustal jacking” of older crustal materials, 
isotopic dilution, and extensive crustal melting of multiple crustal sources. Repeated 
large-scale magmatic systems are considered to lead to more uniform isotopic 
signatures via successive episodes of partially melting and blending multiple crustal 
sources. In contrast, small-scale magmatic systems are more localised, and may 
partially melt the products of previous partial melting events thereby reversing the 
apparent long-term trends to more positive Hf isotopic signatures and apparent 
juvenile wholesale character to the crust. 
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Chapter 7 Discussion and conclusions 
Understanding the primary processes causing HPE enrichment in granitic rocks is 
crucial for EGS exploration. The main objectives of this study were to provide 
insights into the generation of HHPGs with a focus on first-order controls of crustal 
composition and evolution, and to re-evaluate the geothermal potential in 
Queensland (Chapter 1). Three research questions were established in Chapter 1 to 
address these aims. The first research question “How do the different granite suites 
and episodes of granite generation in Queensland differ in terms of their heat 
generating capacity?” was examined in Chapter 2 using the compiled dataset. The 
second research question “What is the origin of the subsurface temperature 
anomaly in southwest Queensland?” was investigated in Chapters 3 and 4 using a 
stochastic thermal modelling approach and granites as probes of the deeper crust. 
The third research question “What is the role of crustal evolution/differentiation 
and tectonic processes in generating heat-producing element enrichment in granites?” 
was explored looking at heat production variation and long-term compositional and 
isotopic trends over time in a small-scale study area that had undergone long-lived 
magmatism. First, this Chapter returns to the research questions and associated 
hypotheses by stating the key findings, their meanings, and their relation to existing 
literature. Second, this Chapter describes the main academic and industry 
implications of this study. Third it provides the key take-home messages. 
7.1. ANSWERS TO RESEARCH QUESTIONS 
7.1.1. Research Question 1: How do the different granite suites and episodes of 
granite generation in Queensland differ in term of their heat generating 
capacity ? 
HHPGs commonly exhibit high silica contents, but the wide range of heat production 
at high silica content indicates that not all high-silica igneous rocks are high heat-
producing (Figure 1.2). To understand why some granitic rocks show extreme HPE 
enrichment when others do not, several hypotheses were examined (Figure 1.8). This 
was accomplished by compiling and interrogating whole-rock chemical and 
geochronological data on igneous rocks in Queensland (Chapter 2). The hypotheses 
tested were: 
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1. HHPGs are located in different regions to LHPGs, 
2. HHPGs were generated at different time periods to LHPGs, 
3. Different petrogenetic controls exist for HHPGs and LHPGs, i.e. HHPGs 
derive from one or both of the following processes: a) partial melting of a 
HPE-enriched source rock, or b) extensive fractional crystallisation, and 
4. There are different types of HHPGs, hence various processes leading to 
extreme HPE enrichment. 
Interrogation of the compiled dataset indicated that LHPGs and HHPGs occur on the 
same terranes and were often generated during the same tectonomagmatic events 
(Chapter 2). The coexistence of both HHPGs and LHPGs indicate that timing and 
location of granite generation does not relate to the generation of HHPGs and 
LHPGs. Hypotheses 1 and 2 are consequently incorrect. This is further supported by 
worldwide HHPG examples where both HHPGs and LHPGs occur in the same 
terranes and were generated during the same igneous event (e.g., Carnmenellis and 
Cornubian batholiths in England, Charoy, 1986 and Chappell and Hine, 2006; Sao 
Pedro in Portugal, Neves et al., 1999; Brandberg Igneous Complex in Namibia, 
Schmitt et al., 2000).  
The lack of correlation between heat production and typical differentiation indices 
(e.g., Rb/Sr, Eu/Eu*; Figure 2.10) rules out fractional crystallisation having a 
dominant role in generating HHPGs. Additionally, a comparison of Permo-
Carboniferous HHPGs and LHPGs indicate that HHPGs derive from the reworking 
of heat-producing Precambrian crust, hence suggesting a source-control. Pursuing 
this further, HHPGs from Mount Isa do not exhibit high Rb/Sr ruling out a dominant 
control by fractional crystallisation. Consequently, these findings indicate that the 
differences between HHPGs and LHPGs are petrogenetically controlled, particularly 
by the nature of crustal sources that are partially melted, and confirm hypothesis 3. 
The subdivision of HHPGs in Queensland into I-, S- and A-type highlighted 
distinctive geochemical characteristics that are specific to each type. Consequently, 
no single or specific crustal source material is conducive to generating HHPGs. In 
other words, different source rock compositions may lead to a variety of HHPG 
characteristics. The heat production character of A-type HHPGs is dominantly 
controlled by Th, whereas it is controlled by U for I-type HHPGs. In contrast, S-type 
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HHPGs exhibit a significant variation in Th and U contributions to heat production. 
7.1.2. Research Question 2: Is the observed temperature anomaly at 5 km 
depth caused by radioactive decay of subsurface granitic rocks in 
southwest Queensland ? 
The enigmatic origin of the large subsurface temperature anomaly in central 
Australia and a large section of southwest Queensland has led to the following 
hypotheses (Figure 1.8): 
1. The subsurface anomaly is poorly defined and may not be as extensive as 
suggested, and is an artefact of a lack of data and poor quality heat flow 
measurements 
2. No HHPGs are present but is caused by a very efficient insulative cover, 
3. It is caused solely by a higher mantle heat flow into the crust, 
4. It is related to an extension of the Big Lake Suite (BLS) into Queensland, or 
5. Buried HHP basement exist but have as yet not been intersected by drilling. 
The first three hypotheses were examined in Chapter 3 by re-evaluating the 
geothermal potential and creating new temperature and heat flow maps at 5 km 
depth. This was performed using new thermal conductivity measurements and using 
a 1D stochastic thermal modelling approach. The last two hypotheses were 
investigated in Chapter 4 using mineralogy, whole-rock chemistry, zircon 
chronochemistry and Hf and O isotopes in zircons on subsurface granitic rocks. 
For the first hypothesis, the new temperature map at 5 km depth confirmed the 
presence of the subsurface temperature anomaly, but highlighted significant 
differences with the previous Oztemp map of Gerner and Holgate (2010). In 
particular, the regional extent is now more restricted (Figure 3.8; ~260,000 km
2
 vs 
~500,000 km
2
 from Oztemp in Queensland) and a SW-NE trend of lower heat flow 
values was detected (Section 3.4.5). The lack of correlations between the modelled 
geothermal gradients and thermal conductivity of the sedimentary cover, but also the 
thickness of sedimentary cover, indicate that efficient insulative cover cannot be 
solely responsible for elevated geothermal gradients. This finding concurs with the 
study of Meixner et al. (2012) in the Cooper Basin, who concluded that elevated 
crustal or mantle inputs are required to explain the observed temperatures. Based on 
Helium isotope analyses of artesian water, Italiano et al. (2014) proposed that the 
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subsurface temperature anomaly derives from a higher mantle heat flow. However, 
thermal modelling results indicate that even with an extremely high mantle heat flow 
(e.g., 65 mWm
-2
), additional crustal input is required (Section 3.5.3). 
Mineralogical and whole-rock chemical characteristics, as well as heat production 
and ages of intersected granitic rocks in southwest Queensland strongly contrast with 
known HHPGs of the BLS (Section 4.5.1). This includes granites located 100 km of 
the BLS (DIO Wolgolla 1, TEA Roseneath 1 and TEA Tickalara 1). Despite the lack 
of intersection of BLS equivalents in the Queensland part of the subsurface 
temperature anomaly, a significant lack of information exists at depths >2.3 km. 
Consequently HHPGs may reside at greater depth and have yet to be intersected 
because the BLS resides at depths >3 km in South Australia. The apparent absence of 
BLS equivalents in Queensland and the conclusion of a higher crustal input thus 
require another HPE-enriched source. The hypothesis proposed at the end of Chapter 
3 is that elevated geothermal gradients derive from the presence of a moderately 
HPE-enriched Precambrian crust between 5 and 40 km depth. This hypothesis was 
investigated in Chapter 4 by using the granites as probes of crustal source regions at 
depth. Two important features of the granites are Precambrian inherited zircons and 
radiogenic isotopic compositions (Lu-Hf isotopes from this study, and Sm-Nd 
isotopes from Champion (2013); Section 4.5.4). Additionally, mineralogy, whole-
rock chemistry and to a lesser extent zircon chronochemistry indicate a source 
control for the heat-producing capacity of the subsurface granitic rocks (Section 
4.5.3).  
In light of these findings, it is concluded here that the origin of the subsurface 
temperature anomaly for southwest Queensland results from the presence of a 
moderately HPE-enriched Precambrian crustal basement. These findings disagree 
with models advanced by Harrington (1974) and Glen et al. (2013) whereby the 
Thomson Orogen, and hence a large section of the subsurface temperature anomaly, 
is floored by oceanic crust. Instead, these new data indicate the crust in this area is 
continental and predominantly Mesoproterozoic in age. 
7.1.3. Research Question 3: What is the role of crustal evolution/differentiation 
and tectonic processes in generating heat-producing element enrichment 
in granites? 
The role of crustal evolution end differentiation in HPE enrichment of granitic rocks 
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was explored in Chapters 5 and 6. In contrast with other studies that are regional and 
cover large areas of crust (e.g., Kemp et al., 2009; Phillips et al., 2011; McLaren & 
Powell, 2014), this study focused on a small-scale area (the Bowen-Mackay area; 
~200 x 100 km), to avoid any lateral crustal variation. This study area was selected 
due to long-lived and superimposed magmatism (300-400 Myrs duration) and 
occurrence of rocks with contrasting heat-producing potential, as suggested by 
airborne radiometrics (Figure 5.5A). 
Two hypotheses stated in Chapter 1 were that: 1) repeated episodes of granitic 
magmatism over time lead to a HPE-enriched upper crust, and 2) tectonic processes 
control HPE abundances in silicic magmas. Phanerozoic crustal evolution in the 
Bowen-Mackay area as recorded in Early Carboniferous to Tertiary silicic igneous 
rocks have shown that HPE-enrichment, and hence heat production of silicic igneous 
rocks over time is not continuously increasing or decreasing. In contrast, it illustrates 
a “zig-zag” pattern (Figure 5.21). As discussed in Section 5.5.3, this heat production 
pattern, along with mineralogical and compositional changes, is not related to: 
 Tectonic setting: no relationship exists between compositional trends and 
tectonic settings. In particular, the samples are superimposed in terms of location 
and the tectonic settings are similar. 
 Fractional crystallisation, as suggested by: 1) the lack of correlation between 
heat production and typical differentiation indices such as SiO2, Rb/Sr and 
Eu/Eu*, and 2) the inclusion of U- and Th-bearing accessory phases in both early 
and late crystallising minerals 
Long-term compositional trends must thus be dominantly source-controlled.  
Field observations, mineralogy and whole-rock chemistry indicates two main 
compositional groupings that potentially reflect source-characteristics (Table 5.5). 
Group 1 includes I-type Permo-Carboniferous and Early Cretaceous igneous rocks 
and Group 2 comprises I- to A-type Triassic, Middle Cretaceous and Tertiary 
igneous rocks. Compositionally, Early Carboniferous igneous rocks share some 
characteristics with both groups and are considered transitional. The switching of 
those two compositional groupings is interpreted to relate to at least two different 
crustal sources that are being repeatedly tapped at different times. 
Heat production patterns for both groups and Hf isotopic signatures suggest several 
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crustal sources for each group. The similar mineralogical and compositional 
characteristics for Group 1 igneous rocks may therefore relate to the scale of 
magmatism. The large-scale systems (Group 1) are more energetic, triggering 
extensive crustal melting, with partial remelting of multiple crustal sources, strong 
homogenisation of Hf isotopic signatures and magmas compositions that approach 
those of the continental crust (Figure 5.17). Small-scale systems (Group 2) are less 
energetic and involve local crustal melting with smaller degrees of partial melting of 
one or few crustal sources, and resulting magma compositions are more diverse.  
Overall, the Hf isotopic pattern (except for the Triassic) strongly mirrors the heat 
production pattern with igneous rocks characterised by elevated heat production 
exhibiting radiogenic isotopic compositions. Identification of potential crustal 
sources indicates that Precambrian crust is strongly involved in the generation of the 
most heat-producing igneous rocks. Precambrian crust in Australia is known to be 
more enriched in HPE (McLaren et al., 2003; McLaren & Powell, 2014; Chapters 2 
and 4). The most elevated heat production values in the Bowen-Mackay are 
interpreted in part to reflect the greater contribution of high-heat-producing 
Precambrian crustal material. This is, however, not valid for the Tertiary and Triassic 
igneous rocks, which heat production capacity derives from the small degree partial 
melting of a more silicic (i.e., calc-alkaline intrusions), and hence more heat-
producing source. 
7.2. IMPLICATIONS 
7.2.1. Granite origins/petrogenesis and HPE enrichment 
A major finding from this study is that HPE enrichment in granitic rocks is 
petrogenetically-controlled, particularly by the nature of crustal sources that are 
partially remelted. The compilation and interrogation of geochemical and 
geochronological data on igneous rocks in Queensland (Chapter 2) has identified 
several type of HHPGs: I-, S- and A-type, that are dominantly Proterozoic, Permo-
Carboniferous and Permo-Triassic in age. Proterozoic HHPGs from Mount Isa 
exhibit low Rb/Sr and high Eu/Eu* indicating that HPE enrichment is principally 
source-derived rather than caused by extended fractional crystallisation (Figure 
2.9C). Additionally, distinctive geochemical characteristics for I-, S- and A-type 
granites (Figure 2.14) highlight that different source rock compositions may lead to a 
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variety of HHPG characteristics. A review of existing literature indicate that 
Queensland HHPGs are no different to worldwide HHPGs and thus that the study of 
Queensland HHPGs may be extrapolated at a global scale. 
Mineralogy, whole-rock chemistry and zircon chronochemistry on subsurface 
granitic rocks in southwest Queensland (Chapter 4) and on exposed igneous rocks in 
the Bowen-Mackay area (Chapter 5) have also indicated that the heat production 
capacity of the studied igneous rocks are dominantly source-derived. This is 
supported by: 1) the presence of U- and Th- rich accessory phases in early 
crystallising phases, 2) the lack of or a poor correlation between differentiation 
indices (Eu/Eu*, Rb/Sr) and heat production, and 3) the presence of U- and Th- rich 
zircon cores in comparison to zircon rims. 
The nature of crustal sources involved for HPE enrichment in granitic rocks in 
Queensland is inferred to be dominated by a high heat-producing Precambrian crustal 
source. This study has highlighted the significant contribution of Precambrian high-
heat-producing crust in causing HPE enrichment in granitic rocks and triggering 
elevated geothermal gradients. The interrogation of the compiled dataset (Chapter 2) 
revealed that HHPGs in Queensland dominantly occur on Precambrian terranes and 
derive from partial remelting of buried Proterozoic crustal sources (Figure 2.11). 
Stochastic thermal modelling (Chapter 3) indicated that an elevated crustal input is 
required to explain the elevated geothermal gradients (Figure 3.12). This higher 
crustal input corresponds to the presence of a moderately heat-producing 
Precambrian crust between 5 and 40 km depth beneath the Thomson Orogen. This is 
supported by Precambrian zircon inheritance, crustal O signatures and radiogenic Hf 
isotopic signatures in zircons (Precambrian to Archean two-stage model ages) from 
subsurface granitic rocks (Chapter 4). 
The mirrored “zig-zag” heat production and Hf isotopic patterns for igneous rocks in 
the Bowen-Mackay area (Figure 6.17) also revealed the contribution of Precambrian 
crustal sources. In particular, igneous rocks with radiogenic isotopic signatures are 
more heat-producing. This indicates that the degree of HPE enrichment is directly 
linked to the proportion of heat-producing Precambrian crustal sources involved. 
This study has consequently highlighted that HPE-enrichment in granitic rocks in 
Queensland are dominantly source-controlled, and that heat-producing 
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Mesoproterozoic and Paleoproterozoic crustal materials are the main contributor. 
7.2.2. Long-term crustal evolution and its impact on crust composition 
Studies on the role of crustal differentiation on the composition of continental crust 
either focus on a single igneous event (e.g., Kemp et al., 2005b; Villaseca et al., 
2012; Miles et al., 2014) or are large-scale (e.g., Kemp et al., 2009; Phillips et al., 
2011; McLaren & Powell, 2014). In the latter case, trends observed in these studies 
may be influenced by lateral crustal variability. Chapters 5 and 6 uses a novel 
approach by selecting a small scale area (~200 x 100 km; to avoid any lateral crustal 
variation), that has undergone long-lived and superimposed magmatism (300-
400 Myrs) and comprises rocks with contrasting heat-producing potential. 
This study has identified long-term compositional trends in the Bowen-Mackay area 
with two compositional groupings, which are dominantly controlled by the nature of 
crustal sources and scale of magmatism (Chapters 5 and 6). Additionally, the 
evolution of isotopic signatures towards a more juvenile character in the Bowen-
Mackay area is broadly in agreement with previous studies in the study area (Allen et 
al., 1997; Allen, 2000) and regionally (Collins et al., 2011; Thomson and Lachlan 
orogens in Chapter 4). In addition, the trend towards a more isotopically juvenile 
character is coupled with a less isotopically diverse signature (Figure 6.18). The rates 
at which the crust becomes more isotopically juvenile and uniform are different for 
each orogen, and much faster for the Lachlan Orogen (Table 6.8). 
The mechanisms proposed by Kemp et al. (2009) and Collins et al. (2011) to explain 
the trend towards a more isotopically juvenile signature are not applicable to the 
Bowen-Mackay study area. Collins et al. (2011) suggested the removal of ancient 
crust by mechanical subduction erosion and thermal erosion in a back-arc setting. 
However, in the Bowen-Mackay area, the tectonic environment is dominantly a 
back-arc setting, where the crust cannot be removed by mechanical subduction 
erosion. Thermal erosion in a back-arc setting, as mentioned by Collins et al. (2011), 
is also unlikely due to the lack of magmatic and/or structural responses (Ducea & 
Saleeby, 1998; Saleeby & Foster, 2004), where alternatively any crustal thinning was 
tectonic-driven rather than caused by large-scale lithospheric removal through 
delamination. Kemp et al. (2009) observed that the trend towards a more juvenile 
isotopic composition is coupled with the temporal shift from S- to I- to A-type 
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compositions. They explain such pattern by a greater contribution of mantle-derived 
magmas during the switch from an arc to back-arc to intraplate setting. However, no 
S-type granites occur in the study area, but this could result from small-scale of the 
study area. Additionally, the A-type igneous rocks within the study area contrast with 
those of the Kemp et al. (2009) study, and could not have been produced by 
fractional crystallisation of alkali-basaltic parental magmas, because of low Rb/Sr, 
lack of negative Eu anomalies and elevated heat-producing character (Chapter 5). 
Pursuing this further, results of this study indicate that Tertiary A-type silicic igneous 
rocks in the Bowen-Mackay area are more radiogenic than their preceding 
Cretaceous I-type granitoids. 
The mechanisms by which the crust acquire a more isotopically juvenile and uniform 
character are intrinsically related to long-lived and repeated episodes of igneous 
activity, and to the scale of magmatism. These are: 1) melt depletion making those 
crustal materials more refractory, 2) “crustal jacking” whereby underplating drives 
pre-existing crust to higher structural levels, and 3) dilution through crustal invasion 
by mantle-derived magmas forming dyke-sill networks through the crust. 
Underplating of mantle-derived magmas in large-scale systems also causes extensive 
crustal melting with the involvement and blending of multiple crustal sources. Over 
time, repeated episodes of large-scale partial crustal melting lead to more isotopically 
uniform isotopic compositions. The significant addition of mantle-derived magmas is 
expected to be more significant in large-scale magmatic system, whereas small-scale 
magmatic systems are more localised, and may partially melt the products of 
previous partial melting events thereby reversing the apparent long-term trends to 
more positive Hf isotopic signatures and apparent juvenile wholesale character to the 
crust. 
The heat production character of igneous rocks is dominantly controlled by the 
nature of crustal sources. A conceptual case scenario involves the repetition and 
switching of large-scale and small-scale magmatic systems with a crustal profile 
comprising two main reservoirs at T0: 1) a HPE-rich lower to middle Precambrian 
crust and, 2) a HPE-poor middle to upper Phanerozoic crust (Figure 7.1). At T1, a 
first large-scale magmatic system occurs with extensive mafic underplating causing 
the older HPE-rich crust to: 1) rise to higher structural levels, and 2) partially remelt 
generating magmas that are relatively enriched in HPE. At T2, a second large-scale 
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Figure 7.1. Conceptual model illustrating the switching of large-scale and small-scale magmatic 
systems and its consequences on crustal evolution and heat-production over time. The Phanerozoic 
crust underlying the Precambrian crust after T1 results from the addition of Phanerozoic mantle-
derived magmas. Note that new silicic magmas derive from partial melting of the crust above the 
mantle-derived magmas. 
magmatic system is associated with invasion of mantle-derived magmas additions 
into the crust, thereby raising the Precambrian crust and previous mantle additions to 
higher structural levels and causing crustal melting of HPE-poor Phanerozoic crust 
added at T1. Magmas generated at T2 are consequently less HPE-rich (Figure 7.1). A 
successive small-scale magmatic system at T3, provokes the invasion of mantle-
derived magmas at high levels in the crustal profile causing partial remelting of 
products from previous partial melting events, and generating silicic magmas that are 
relatively more enriched in HPE (Figure 7.1). HPE-rich igneous rocks can therefore 
be generated in both large-scale and small-scale magmatic systems. It is the nature of 
crustal sources that is important for the generation of igneous rocks with elevated 
HPE contents. In the Bowen-Mackay area, HPE-enriched igneous rocks generated in 
large-scale systems (e.g., Early Carboniferous granitoids) acquire their elevated HPE 
contents by reworking a larger proportion of HPE-rich Precambrian crustal material. 
In contrast, elevated HPE contents for rocks generated in small-scale magmatic 
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systems (e.g., Triassic and Tertiary igneous rocks) acquire such elevated values by 
partially remelting HPE-rich products of previous partial melting events. 
7.2.3. Geothermal exploration 
This study has substantially contributed to the geothermal exploration sector by : 1) 
providing a new heat flow map and temperature map at 5 km depth for southwest 
Queensland based on a more robust method (i.e. 1D stochastic thermal modelling 
rather than linear extrapolation of known geothermal gradients; Chapter 3), and 2) 
defining potential EGS targets in Queensland in areas close to the population, based 
on the close geographical location of outcropping HHPGs and thick sedimentary 
cover (Chapter 2). These findings provide a basis for future geothermal exploration 
studies. 
This study has also highlighted the lack of evidence for BLS equivalent in the 
Queensland part of the temperature anomaly. However, a significant gap of 
information exists at depths equivalent to the BLS (2.8-5 km), and such granites 
could occur at greater depths (>3 km) but have not yet been intersected or identified. 
7.3. KEY CONCLUSIONS 
This thesis has both academic and industry benefit. First, some results of this study 
may have implications and may be of use for the geothermal and mining industries: 
 A compiled dataset of ~16,000 analyses (whole-rock chemistry and age 
analyses) on igneous rocks in Queensland. 
 Correction of existing errors in original datasets (e.g., coordinates in 
Ozchem, some trace elements in the GSQ database). 
 A list of potential EGS targets in Queensland. 
 163 new heat flow determinations and extrapolated temperatures at 5 km 
depth. 
 New temperature and heat flow maps at 5 km depth for southwest 
Queensland. 
 The new temperature map at 5 km depth is now more restricted (~260,000 
km
2
 vs ~500,000 km
2
 for Oztemp in Queensland). 
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 New thermal conductivity measurements on subsurface granitic rocks. 
Second, the thesis has contributed to the field of granite petrogenesis by investigating 
the role of petrogenetic processes, in particular fractional crystallisation and source-
control, for HPE enrichment in granitic rocks. In that regards the following 
contributions have been made: 
 HHPGs, both in Queensland and globally have a diversity of 
characteristics but are mostly related to continental extensional settings. 
 The heat production spectrum at high-silica content, i.e., overlap of 
HHPGs and LHPGs at same silica content, is not explained by location, 
age and fractional crystallisation, but is interpreted to be source-controlled. 
 The occurrence of I-, S- and A-type HHPGs, both in Queensland and 
globally, indicate that no single or specific crustal source material is 
conducive to generating HHPGs. 
 HHPGs in Queensland and HPE enrichment in granitic rocks derive from 
the reworking of a larger proportion of heat-producing Mesoproterozoic 
and Paleoproterozoic material. 
 New insights into the origin of A-type granite are made where elevated 
heat production in the Triassic and Tertiary A-type igneous rocks of the 
Bowen-Mackay area derive from the reworking of products from previous 
partial melting events. The integrated dataset generated in this study has 
allowed the critical review of several proposed origins of A-type igneous 
rocks and favours the model of Creaser et al. (1991) and Patiño Douce 
(1997) as being most applicable to the A-types studied here. 
This study also proposes a novel approach and gives new insights regarding the 
impact of crustal differentiation on crust composition: 
 Igneous rocks from seven tectonomagmatic events in the Bowen-Mackay 
area can be classified into two groups based on mineralogy and whole-
rock chemistry. 
 Long-term compositional trends are not related to tectonic settings or 
fractional crystallisation and are inferred to be source-controlled, hence 
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suggesting at least two crustal sources for the Bowen-Mackay area. 
 However, the “zig-zag” heat production pattern for each grouping, and the 
heterogeneous isotopic compositions for Group 1 igneous rocks, requires a 
more complex scenario with several crustal sources involved for each 
grouping.  
 Heat production mirrors Hf isotopic signatures, in particular for Group 1 
igneous rocks, indicating that the more heat-producing igneous rocks 
derive from the reworking of a larger proportion of lower ƐHf crustal 
materials interpreted to be high-heat producing Mesoproterozoic and 
Paleoproterozoic crust. 
 Products of previous partial melting events may be reused as crustal 
sources and increase HPE enrichment over time. This implies that long-
term crustal differentiation does not only involve lower crustal sources and 
differentiation of lower and upper crust. 
 Two end-member systems are recognised: large scale magmatism and 
small-scale magmatism represented by Group 1 and Group 2 igneous 
rocks, respectively. Large-scale systems are energetic and provoke 
significant crustal melting with the involvement of multiple crustal sources 
that are then blended, whereas small-scale systems are more localised with 
a small degree partial melting of few crustal sources leading to more 
diverse whole-rock compositions. 
 HPE-rich igneous rocks can be generated in both large-scale and small-
scale magmatic systems. It is the nature of crustal sources that is important 
for the generation of igneous rocks with elevated HPE contents. In the 
Bowen-Mackay area, HPE-enriched igneous rocks generated in large-scale 
systems (e.g., Early Carboniferous granitoids) acquire their elevated HPE 
contents by reworking a larger proportion of HPE-rich Precambrian crustal 
material. In contrast, elevated HPE contents for rocks generated in small-
scale magmatic systems (e.g., Triassic and Tertiary igneous rocks) acquire 
such elevated values by partially remelting HPE-rich products of previous 
partial melting events. 
 The repeated occurrence of large-scale magmatic systems during the 
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Permo-Carboniferous events and later in the Cretaceous may have had a 
significant role in successively homogenising crustal isotopic 
compositions. 
 In the study area, long-term crustal evolution indicates a progressive shift 
from radiogenic towards more isotopically juvenile compositions. Such a 
trend, is attributed to the combined effect of melt depletion making crustal 
materials more refractory, additions of mantle-derived magmas causing 
isotopic dilution, “crustal jacking” of ancient crust, and extensive crustal 
partial melting. 
 A trend from isotopically diverse isotopic compositions to more 
isotopically uniform compositions is also recognised in the Bowen-
Mackay area, and for the Lachlan and Thomson orogens. Such trend is 
explained by repeated partial melting of multiple crustal sources in large-
scale magmatic systems which homogenises crustal isotopic composition, 
therefore leading to source regions with a more isotopically uniform 
character. 
 The rates at which the crust becomes more isotopically juvenile and 
uniform differ for different orogens from the Tasmanides, and are much 
faster for the Lachlan Orogen (Table 6.8). 
 The model of Collins et al. (2011) whereby the crust becomes more 
isotopically juvenile by the mechanical removal of older crustal materials 
in subduction zone and thermal erosion in back-arc setting does not hold 
for the Bowen-Mackay area. In the study area, the tectonic environment is 
dominantly a back-arc setting, where the crust cannot be removed by 
mechanical subduction erosion. Thermal erosion in a back-arc setting, as 
mentioned by Collins et al. (2011), is also unlikely due to the lack of 
magmatic and/or structural responses (Ducea & Saleeby, 1998; Saleeby & 
Foster, 2004), where alternatively any crustal thinning was tectonic-driven 
rather than caused by large-scale lithospheric removal through 
delamination. 
 The observations made by Kemp et al. (2009) in the southern Tasmanides 
where the trend from radiogenic to juvenile isotopic compositions is linked 
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to a shift from S-, to I- to A-type compositions, is not valid in the Bowen-
Mackay area. The results of this study indicate that the youngest Tertiary 
A-type igneous rocks are more radiogenic than their preceding Cretaceous 
I-type granitoids, therefore contradicting the coupling proposed by Kemp 
et al. (2009). 
This study has provided new insights into the origin of the temperature anomaly in 
southwest Queensland: 
 The new heat flow map at 5 km depth indicate a SW-NE trend of lower 
heat flow values, which is interpreted to reflect thinned continental crust. 
 The temperature anomaly does not result from efficient insulative cover or 
higher mantle heat flow. 
 The temperature anomaly is interpreted to result from a high heat-
producing Precambrian crust (Mesoproterozoic and/or Paleoproterozoic) 
somewhere between 5 and 40 km depth. 
 A higher crustal input is required to explain the elevated geothermal 
gradients in southwest Queensland. 
 No evidence for Big Lake Suite (BLS) equivalents in the Queensland part 
of the temperature anomaly, but the lack of information at depths >2.3 km 
suggest that equivalent HHPGs of the BLS may reside at greater depth and 
are yet to be intersected and identified. 
 New results from this study indicate the underlying crust is continental and 
dominantly Mesoproterozoic in age and thus counter models proposing 
that the subsurface Thomson Orogen is floored by oceanic crust 
(Harrington, 1974; Glen, 2013). 
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Appendices 
Appendix 1.1. Mineralogy and Whole-rock chemistry 
1. Sample preparation 
1.1. Thin sections 
A first batch of 25 polished thin sections for the southwest Queensland study area 
was prepared by Quality Thin Sections, a US company (http://www.quality 
thinsections.com/) and a second batch of 76 polished thin sections for the Bowen-
Mackay study area was prepared by Nathan Siddle at the University of Queensland 
(excluding one polished thin section prepared by Anna-Marie Venn). An additional 
22 cover-slipped thin sections (Bowen-Mackay study area) were prepared by Anna-
Marie Venn at the QUT Banyo precinct.  
1.2. Whole-rock chemistry 
Approximately 2-4 kg of the freshest rocks were sampled for whole-rock chemistry 
analyses. Veins, fractures, and enclaves were removed and the rest was crushed in a 
large and small steel jaw crusher until the sample reached a rice grain size. The 
crushed rock was then split several times in order to select a ~200 g representative 
portion. The latter portion was then refined in an agate mill until a powder of <10 µm 
was obtained. To avoid cross sample contamination, prior preparation of the 
following sample, all equipment was cleaned using a brush and air compressor and 
then wiped with ethanol. Once dry, a small quantity of rock sample was selected for 
removing contaminants in both the large and small jaw crusher and was then 
discarded. For the agate mill, decontamination was first undertaken using quartz 
sand, then using a small portion of the sample to be processed. Sample preparation 
for the southwest Queensland samples was undertaken using facilities at the Sample 
Preparation Laboratory, School of Earth Sciences at the University of Queensland, 
and sample preparation for the Bowen-Mackay samples was completed at the QUT 
Banyo Precinct. 
2. Point Counting 
A total of 500 points were counted with a 0.5 mm spacing for fine to medium-
grained rocks and 1 mm spacing for coarse-grained rocks. 
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3. SEM-EDS analyses 
Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) 
analyses were performed on carbon-coated polished thin sections using the JEOL 
7001F at QUT. The instrument was operated using an accelerating voltage of 15 kV. 
All analyses are semi-quantitative and were completed using standardless 
quantitative techniques. 
4. XRD analyses 
XRD analyses were undertaken on both bulk-rock sample and clay mineral separates 
(<2 µm). Rock powders processed in an agate mill (Section 1.2) were given to 
Tonguç Uysal for sample preparation and XRD data collection. No additional sample 
preparation was required for bulk sample analyses. Clay mineral separates were 
obtained after disaggregation in distilled water using an ultrasonic bath. Different 
clay size fractions (2–1, <1, 2–0.5 and <0.5 μm) were obtained by centrifugation, and 
the decanted suspensions were placed on a glass slide.  
XRD analyses were carried out at the University of Queensland, on an X-Ray 
diffractometer with Bragg-Brentano geometry and CuKα radiation, operated at 40 
kV and 30 mA at a scanning rate of 1°2θ/min. Each sample was scanned from 2 to 
52°2 for bulk-rock samples and 2 to 32°2  for mineral clay separates, in the step-
scanning mode with a step size of 0.05 degrees and a step time of 1.2s for bulk-rock 
sample and 230.4s for mineral clay separates. 
The illite crystallinity (IC) or Kübler index is defined as the width of the first order 
illite basal reflection (10 Å peak) at half height and expressed in 2 values (Kübler, 
1964). The Kübler index decreases with increasing illite crystallinity, with 
temperature being the most important controlling factor (Frey, 1987). Illite 
crystallinity values are given in Table 4.3 and XRD profiles for bulk rock samples 
and mineral clay separates are given in Appendices 4.3 and 4.4, respectively. 
5. Loss on ignition 
Loss on ignition or (LOI) was performed at QUT but also by ALS and results are 
similar. The approach performed at QUT used 4 grams of rock powder placed in a 
quartz crucible. Quartz crucibles were preferred because their weights are generally 
more stable in comparison to ceramic crucibles. The quartz crucibles were first 
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washed and ignited in a furnace at 900°C. The crucibles were weight before and after 
the powders were placed in, then heated up to 105°C overnight to obtain the moisture 
content (H2O
+
). Next day, the crucibles were weight again and then placed in the 
furnace at 900°C for two and a half hours. Those crucibles were weight a last time. 
H2O
+
 was calculated using: 
H2O
+  =   
Wi −W105
Wi
 
LOI was calculated using: 
LOI =   
W105 −W900 or 1000
W105 −W𝐶
 
Where Wi is initial weight (powder+crucible), Wc is the weight of the crucible 
and W105, W900 or 1000  are Weight at furnace temperature (°C). 
Loss on ignition values were also undertaken by Australian Laboratory Services Pty. 
Ltd. (ALS), along with XRF analyses, using a LECO Thermal Gravimetric Analysis 
(TGA) furnace. Ceramic crucibles containing the rock powders were placed at 
ambient temperature in the furnace, heated to 105°C and weight and heated to 
1000°C and weight again. LAT-CS9 was used as a standard and Relative Standard 
Deviation (RSD) is 0.31. Loss on ignition values obtained by ALS are reported in 
Appendices 4.5 and 5.6. 
6. Major elements 
Fused-glass disks for both study areas were produced using 0.6g of sample and 4.6 g 
of flux (50% lithium tetraborate; 50% lithium metaborate) per sample. However, 
these were not used for analysis due to technical issues with the in-house Spectro 
XRF. Consequently, rock powders were sent to ALS where fused glass disks were 
prepared with a Modutemp and analysed by Wavelengh Dispersive Spectometry 
(WDS) using a PANanalytical MagiXfast XRF. Preparation of fused glasses was 
undertaken using 0.6 to 0.72 g of rock powder and 7.1 to 7.5 g of flux with a 12:22 
lithium tetraborate and including lithium nitrate as an oxidising agent. The original 
fused glass could not be used by ALS due to different dilution factors and calibration 
settings. 
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Four standards were analysed for determining accuracy and reproducibility. These 
are NCSDC73303, SARM-3, SARM-32 and SARM-35. Accuracy is determined by 
calculating the percent error, E, and reprodubility is assessed calculating the relative 
standard deviation of standards (RSD). 
E =
Expected − Measured
Expected
∗ 100 
RSD =  
Standard deviation
Average
∗ 100 
Percent errors vary for each standard depending on element concentrations. When 
concentrations are lower than 0.2 wt%, absolute percent errors are elevated. However 
for each element analysed, except Cr2O3, there is at least one standard value for 
which percent errors do not exceed 1 wt% (Table 1.1.1). Cr has been analysed by 
ICP-MS (Section 7) and accuracy for major elements is better than 1%. 
Table 1.1.1. Percent error range for major elements analyses of rock standards  
 
NCSDC73303 SARM-3 SARM-32 SARM-45 
Al2O3 -0.14 to 0.58 1.03 to 1.76 -40 to 40 -1.07 to -0.31 
BaO -18.85 to -1.87 0.6 to 0.6 - 0.5 to 10.45 
CaO -1.14 to 0.34 2.48 to 3.11 0.81 to 0.81 1.28 to 2.56 
Cr2O3 -53.18 to 48.94 31.51 to 31.51 - -6.95 to 19.79 
Fe2O3 0 to 0.9 -14.01 to -12.87 0 to 7.14 -0.71 to 0.08 
K2O -0.43 to 0 -0.18 to 0 - 0 to 0.31 
MgO 0 to 0.9 -3.57 to 10.71 -6 to -4 -2.65 to -1.18 
MnO -6.38 to -0.47 2.6 to 3.9 - 0 to 0 
Na2O -0.59 to 0.3 -0.12 to 0 - 4.76 to 5.95 
P2O5 -2.5 to -1.45 16.11 to 16.11 -1.1 to 0.15 0 to 0 
SiO2 0.09 to 0.99 0.19 to 0.76 -17.5 to 0 -0.56 to -0.16 
SrO -7.61 to 0.08 0 to 0 0 to 1.92 8.09 to 8.09 
TiO2 -0.06 to 0.79 -2.08 to 0 - -1.1 to 0 
Relative standard deviations (RSD) are generally less than 1% (Table 1.1.2), except 
for elements with concentrations less than 0.2 wt% (e.g., BaO, Cr2O3, SrO and 
MnO). Elements with low concentrations were analysed by ICP-MS (Section 7). 
Reproducibility is thus better than 1%. 
Table 1.1.2. Relative standard deviation for major elements analyses of rock standards 
 
NCSDC73303 SARM-3 SARM-32 SARM-45 
n 4 2 3 3 
Al2O3 0.35 0.53 44.61 0.31 
BaO 8.00 0.00 0.00 5.41 
CaO 0.64 0.45 0.00 0.75 
Cr2O3 42.55 - 0.00 16.50 
Fe2O3 0.41 0.71 4.22 0.34 
K2O 0.22 0.13 43.30 0.18 
MgO 0.38 10.48 1.10 0.60 
MnO 2.90 0.95 0.00 0.00 
Na2O 0.37 0.08 0.00 0.63 
P2O5 0.60 0.00 0.63 0.00 
SiO2 0.41 0.41 8.39 0.16 
SrO 3.64 0.00 1.12 0.00 
TiO2 0.49 1.46 0.00 0.63 
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7. Trace elements 
Trace and rare earth elements (REE) were analysed by Dr. Alan Greig at the 
University of Melbourne using the following procedure. For each sample, 100 mg of 
sample was digested with HF-HNO3 mixtures in high pressure bombs in an oven at 
180°C for 60 hours. Solutions are then evaporated to dryness, then redissolved in 
HCl for 24 hours in the oven. Next, samples were dried down and refluxed twice 
with concentrated HNO3, then dissolved in sealed vessels with 3N HNO3 overnight. 
Solutions were transferred to transparent polycarbonate tubes, diluted with water and 
centrifuged, then inspected for undissolved fluorides. If present, the supernatant was 
transferred to new tubes for those samples containing fluorides, and the fluorides 
transferred to bombs and dissolved in HCl overnight in the oven. These solutions 
were then dried down, refluxed with nitric, then dissolved in 3N HNO3. These 
solutions were re-combined with their corresponding supernatant solutions and 
centrifuged to ensure no fluorides remained. An aliquot of the solution is further 
diluted with a 1.8% HNO3 solution containing an internal standard mixture to give a 
total dilution factor of 14000 to 16000. Analytical and drift correction procedures are 
comprehensively described in Eggins et al. (1997). The method uses a natural rock 
standard for calibration, internal drift correction using multi-internal standards (Li
6
, 
Rh, Re and U
235
), external drift monitors and aggressive washout procedures. 
Differences from the Eggins et al. (1997) method are: 1) Tm, In and Bi were not used 
as internal standards as they are measured as analytes; (2) Two digestions of the 
USGS standard W-2 are used for instrument calibration. The preferred 
concentrations used for W-2 were mostly derived by analysing it against synthetic 
standards and a literature survey of isotope dilution analyses (Kamber et al., 2003; 
Kamber et al., 2005). Because only a single calibration standard is used, data can be 
easily normalised to other sets of preferred values for standards. 
Samples were analysed at the School of Earth Sciences, University of Melbourne on 
an Agilent 7700x. The instrument was tuned to give Cerium oxide levels of <1%. 
Four replicates of 100 scans per replicate were measured for each isotope. Dwell 
times were 10 milliseconds, except for Be, Cd, In, Sb, Ta, W, Tl, Bi, which were 30 
milliseconds. Long sample wash-out times of 6 minutes with solutions of 0.5% 
Triton X-100, 0.025% HF in 5% HNO3 and 2% HNO3 and long sample uptake times 
of 120 seconds were used. Digests of USGS standards BHVO-2 and GSP-2 and GSJ 
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standard JA-2 were run as unknowns to check the long term accuracy and 
reproducibility.  
Absolute percent errors are generally less than 5%, with the exception of Cd, Sn and 
Sb for which percent errors are either <-5 or >5 (Table 1.1.3). 
Table 1.1.3. Percent error range for trace elements analyses of rock standards 
 
BHVO-2 GSP-2 JA-2 W-2 
7Li    5.56 to 7.39 -0.83 to 1.7 -0.18 to 0.93 0.53 to 2.52 
9Be    -7.5 to -0.87 -4.49 to 5.43 -3 to -0.23 12.24 to 13.61 
43Ca    -2.14 to 0.83 1.56 to 5.75 -3.87 to 0.06 -0.69 to 0.8 
45Sc    -2.77 to 0.55 -20.1 to -6.69 -7.85 to -4.35 -0.82 to -0.03 
49Ti    -4.1 to -0.19 0.15 to 5.39 -4.55 to 1.05 -0.65 to 0.66 
51V    -2.49 to 1.74 0.64 to 3.8 -1.06 to 3.2 1.8 to 2.98 
53Cr    -9.24 to -6.46 -0.42 to 5.32 2.38 to 5.71 -0.49 to 1.03 
59Co    -3.07 to -0.66 -4.07 to -0.48 -11.34 to -10.64 0.73 to 1.53 
60Ni    -1.84 to 0.07 -1.82 to 0.51 -5.06 to -3.9 2.25 to 3.45 
65Cu    0.58 to 1.91 -13.3 to 3.47 -1.2 to 3.05 -0.28 to 4.21 
66Zn    -0.98 to 2.66 -10.52 to -1.9 2.17 to 4.71 -0.69 to 0.69 
71Ga    4.02 to 4.94 -5.17 to -2.64 0.12 to 0.77 2.88 to 3.68 
75As    - - 60.89 to 61.83 - 
85Rb    -0.93 to -0.01 -14.81 to -13.65 1.45 to 1.9 5.5 to 5.9 
86Sr    0.86 to 1.14 -6.85 to -5.67 3.09 to 3.56 0.14 to 1.14 
88Sr    1.29 to 1.29 -5.66 to -4.44 3.1 to 3.1 0.05 to 1.41 
89Y    6.57 to 7.52 -2.93 to -1.37 12.77 to 13.41 8.15 to 9.21 
90Zr    0.39 to 1.94 2.77 to 5.62 2.59 to 3.15 3.49 to 5.91 
91Zr    1.24 to 2.51 3.13 to 6.57 2.52 to 3.09 3.17 to 6.45 
93Nb    -1.66 to 0.33 0.05 to 1.59 -0.56 to 1.1 2.69 to 3.3 
98Mo    -9.9 to -8.16 -15.94 to 0.1 4.64 to 5.23 1.77 to 5.81 
114Cd    -54.84 to -43.13 63.1 to 73.45 21.67 to 30.99 -9.14 to 8.02 
115In    - - -6.12 to -3.88 -7.79 to -5.76 
120Sn    8.62 to 23.88 -548.65 to -303.75 22 to 27.45 -40.36 to 36.71 
121Sb    -34.59 to 36.71 -77.87 to -14.28 13.72 to 14.23 3.17 to 12.19 
133Cs    0.6 to 2.05 -3.69 to -1.15 2.07 to 3.3 2.92 to 3.95 
135Ba    0.21 to 0.97 -2.3 to -1.6 2.1 to 2.32 0.46 to 2.25 
137Ba    0.17 to 0.77 -2.67 to -1.69 1.8 to 2.43 0.61 to 2.09 
139La    0.17 to 0.64 -7.47 to -4.92 3.32 to 3.77 1.88 to 3.29 
140Ce    -0.45 to 0.07 -6.82 to -4.53 3.1 to 3.37 0.21 to 1.36 
141Pr    -0.96 to 0.21 -7.58 to -5.09 -0.26 to 0.02 -1.28 to -0.42 
146Nd    0.12 to 1.25 -7.34 to -4.52 0.56 to 1.32 -0.04 to 1.42 
149Sm    -0.24 to 0.61 -4.88 to -1.62 1.9 to 2.81 0.14 to 1.92 
151Eu    1.21 to 1.88 -4.57 to -1.23 3.2 to 3.5 -1.78 to -0.75 
160Gd    0.12 to 1.24 -2.5 to 0.21 0.37 to 0.83 -1.77 to -0.86 
159Tb    -2.35 to -0.17 -1.73 to 1.77 0.8 to 1.62 0.03 to 1.54 
161Dy    1.11 to 2.32 -2.56 to 1.08 -0.21 to 1 -0.9 to -0.04 
165Ho    -2.04 to -0.52 -2.62 to 0.32 -0.25 to 0.91 -2.06 to -1.3 
167Er    0.71 to 2.5 -3.56 to 0.58 -1.27 to 0.81 -0.49 to 0.31 
169Tm    -3.06 to -1.84 -7.19 to 0.58 0 to 3.48 0.41 to 1.31 
172Yb    0.08 to 1.77 -3.58 to 1.08 0.92 to 2.54 -0.96 to 0.23 
175Lu    -0.39 to 1.59 -2.65 to 3.55 0.61 to 1.57 2.42 to 3.2 
178Hf    -0.37 to 2.15 3.78 to 6.2 3.96 to 5.12 2.91 to 4.75 
181Ta    -1.17 to -0.11 0.5 to 1.72 7.89 to 8.67 3.02 to 3.72 
184W    7.5 to 9.6 -6.46 to 1.14 4.41 to 5.99 18.49 to 21.52 
205Tl    - -5.47 to -2.29 -4.01 to -2.5 - 
208/7/6Pb    -37.52 to 16.45 -18 to -15.02 3.62 to 4.42 -1.02 to 5.16 
209Bi    - - -11.19 to -4.37 18.11 to 21.88 
232Th    3.6 to 4.42 2.18 to 5.06 6.65 to 7.13 2.2 to 3.87 
238U    -4.05 to -3.12 -5.67 to -2.12 -1.15 to -0.79 -0.69 to 2.66 
Accepted values used to calculate percent error are from http://georem.mpch-mainz.gwdg.de/. 
Relative standard deviation (RSD) for standards analysed in 6 different analytical 
sessions are generally better than 5%. Elements with elevated RSD are Cu, As, Cd, 
In, Sn, Sb, Pb and Bi, but for each of those elements at least one standard have a 
RSD < 5 (Table 1.1.4). 
 314 Appendices 
Table 1.1.4. Relative standard deviation for trace elements analyses of rock standards 
 
BHVO-2 GSP-2 JA-2 W-2  (Continued) BHVO-2 GSP-2 JA-2 W-2 
n 5 9 3 12  133Cs    0.71 0.71 0.63 0.42 
7Li    0.70 0.84 0.60 0.48  135Ba    0.33 0.26 0.12 0.67 
9Be    3.25 3.44 1.41 0.49  137Ba    0.28 0.35 0.32 0.60 
43Ca    1.41 1.39 2.17 0.36  139La    0.18 0.76 0.24 0.46 
45Sc    1.56 3.56 1.88 0.26  140Ce    0.21 0.69 0.15 0.43 
49Ti    1.79 1.78 3.06 0.37  141Pr    0.44 0.76 0.14 0.34 
51V    2.02 1.07 2.28 0.35  146Nd    0.43 0.81 0.38 0.40 
53Cr    1.26 2.27 1.82 0.56  149Sm    0.33 0.98 0.47 0.56 
59Co    1.10 1.23 0.33 0.23  151Eu    0.28 1.04 0.16 0.36 
60Ni    0.90 0.87 0.56 0.37  160Gd    0.44 0.95 0.25 0.29 
65Cu    0.60 5.31 2.15 1.97  159Tb    0.80 1.17 0.42 0.35 
66Zn    1.63 2.34 1.32 0.36  161Dy    0.49 1.09 0.62 0.36 
71Ga    0.36 0.74 0.33 0.24  165Ho    0.58 1.05 0.60 0.25 
75As    3.27 102.81 1.31 4.88  167Er    0.72 1.40 1.06 0.23 
85Rb    0.35 0.34 0.24 0.16  169Tm    0.57 2.35 1.82 0.28 
86Sr    0.13 0.43 0.26 0.36  172Yb    0.69 1.48 0.91 0.34 
88Sr    
 
0.53 
 
0.57  175Lu    0.77 1.90 0.49 0.25 
89Y    0.43 0.50 0.38 0.34  178Hf    1.01 0.95 0.65 0.61 
90Zr    0.59 0.94 0.32 0.84  181Ta    0.45 0.46 0.47 0.25 
91Zr    0.59 1.13 0.42 1.19  184W    0.85 2.60 0.89 1.07 
93Nb    0.80 0.61 0.83 0.22  205Tl    2.40 0.91 0.76 0.51 
98Mo    0.80 5.42 0.44 1.79  208/7/6Pb    23.32 0.93 0.43 1.51 
114Cd    2.98 10.88 7.24 6.51  209Bi    18.09 6.94 3.22 1.66 
115In    1.00 8.02 1.08 0.62  232Th    0.37 1.00 0.29 0.50 
120Sn    7.47 17.85 3.83 33.22  238U    0.36 1.12 0.18 1.12 
121Sb    41.37 15.97 0.31 2.13  
      
Accuracy and reproducibility for trace elements is therefore better than 5%.  
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Appendix 1.2. LA-ICP-MS chronochemistry of zircons and monazites and U-Pb 
SHRIMP dating of zircons 
1. Sample preparation 
Approximately 2 kg of rock sample were crushed in a large steel jaw crusher and 
further refined in a disc mill (southwest Queensland rock samples: facilities at the 
Sample Preparation Laboratory, School of Earth Sciences at the University of 
Queensland) or small jaw crusher (Bowen-Mackay rock samples; QUT Banyo 
Precinct). The rock powder was then sieved between 63 µm and 1 mm, and the 
sieved portion was sent to Apatite to Zircon Inc. in the USA for heavy mineral 
separation. The rock powder was first washed in plain water to remove silt and clay 
sized particles and then run through a lithium-metatungstate heavy liquid to allow 
separation of the light minerals (density less than 3 g/cc) from the heavier ones. The 
heavy minerals were run through a Frantz magnetic separator to remove magnetic 
minerals. Finally, the non-magnetic minerals were run through a Di-iodomethane 
(DIM) solution to separate the mineral apatite from the mineral zircon. Zircons from 
each rock samples were later subdivided into different groups based on 
morphological and colour variations. These zircons were then mounted in epoxy 
resin blocks. Overall, two and three zircon mounts were prepared for the southwest 
Queensland study and the Bowen-Mackay study, respectively. The mounts were then 
polished to expose the internal structures of the zircons. 
2. LA-ICP-MS dating and chemistry of zircons 
Transmitted light microscope images were acquired on the polished zircon grain 
mounts to reveal potential inclusions and fractures to be avoided. The mounts were 
later carbon-coated for cathodoluminescence (CL) imaging. CL images were 
obtained using a Robinson CL detector fitted JEOL JSM-6610A SEM at RSES, 
ANU. All images were taken at 15 kV with a 60 µm spot size. 
U-Th-Pb dating on zircons was undertaken at RSES, ANU, using a 193 nm ArF 
Lambda Physik Compex 110 excimer laser, connected to a Helex ablation cell, and 
coupled to an Agilent 7700 ICP-MS. Analytical conditions are described in Bryan et 
al. (2004), Allen and Campbell (2012) and references therein. Ablations were 
undertaken at 5 Hz using a 28 µm laser spot size. For each analysis, a ~25 s gas 
blank was acquired followed by a ~40 s analysis of the selected zircon domain. The 
following masses were measured simultaneously: 
206
Pb, 
207
Pb, 
208
Pb, 
232
Th, 
238
U and 
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235
U, but 
235
U was not used, for Th-U-Pb dating and  
29
Si, 
31
P, 
49
Ti, 
89
Y, 
91
Zr, 
139
La, 
140
Ce, 
146
Nd, 
153
Eu, 
157
Gd, 
163
Dy, 
175
Lu and 
177
Hf for chemistry. Temora 2 or 
Temora 3 (depending on the analytical session) was used as the primary reference 
standard and R33 (Black et al., 2004) was used as an unknown standard as a check 
on data quality. NIST-610 glass was used as a standard for chemistry (Jochum et al., 
2011). Overall, eight analytical sessions were undertaken. Each analytical session 
was initiated and finalised with two sequences of standards (NIST-610, R-33 and 
Temora 2 or 3), and bracketed by a sequence of standard every 10-15 unknowns. 
The data reduction was carried out using the new freeware Iolite v2.5 (Paton et al., 
2010) under Igor Pro 6.22A. After background substraction, downhole fractionation 
was corrected for 
206
Pb/
238
U, 
207
Pb/
235
U and 
208
Pb/
232
Th  using Temora 2 or Temora 3 
as the primary standard and a smoothed cubic spline. The first and last portion of the 
signal was removed until the best gaussian was obtained. 
During ablation, distinct zones within the zircons may be analysed. For example, an 
analysis may begin by ablation of a rim and end by the ablation of the core. 
Alternatively, inclusions may be ablated. For this reason, each analysis was 
examined in Iolite for any isotopic changes or anomalous P, La, Ce or Ti contents. 
Where necessary the automatic integration interval was refined to avoid inclusions or 
to separate rim vs core analyses. Comments on all analyses and integration intervals 
selected can be found in Appendix 6.4.  
Once processed with Iolite, the data were exported and treated further using the 
Excel add-on Isoplot 4.1. (Ludwig, 2008). Propagated uncertainties calculated in 
Iolite v2.5 were used for all diagrams and age determinations. Concordia ages 
obtained on Temora 2 and 3, and R33 (Table 1.2.1) are within uncertainties with the 
following accepted values: 416.78+/-0.33 Ma for Temora and 418.26+/-0.39 Ma for 
R33 (Black et al., 2004). Trace elements data for NIST610 (Table 1.2.2) are also in 
agreement with accepted values of Jochum et al. (2011). 
Accuracy and external (session to session) reproducibility were determined using the 
secondary standard R33. Accuracy for all analytical sessions range between 0.1 and 
1.2% and reproducibility of R33 is 1.2% (2RSD) (Table 1.2.2). The reproducibility 
of R33 has been propagated onto the uncertainties of the unknown (Table 1.2.3). An 
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Table 1.2.1. Accuracy and reproducibility for R33. 
Analytical session 206Pb/238U 
age (Ma) 
+/- 2 s.e. n MSWD Accuracy (%) 
Bowen-1 418.8 1.4 49 1.3 -0.13 
Bowen-2 417.1 1.5 46; 3 rejected 1.2 0.28 
Bowen-3 421.2 5.6 13 0.33 -0.70 
Bowen-4 417.5 2.3 26 0.98 0.18 
SW-QLD-1 413.4 5 12 1.11 1.16 
SW-QLD-2 420.3 3.7 16; 1 rejected 1.4 -0.49 
SW-QLD-3 415.5 2.8 42 1.3 0.66 
SW-QLD-4 416.3 2.5 33; 3 rejected 1.6 0.47 
 
Table 1.2.2. Comparison measured NIST610 with accepted values from Jochum et al. (2011) 
NIST610 P Sc Ti Y    Zr  La  Ce Nd 
Accepted Values 413+/-46 455+/-10 452+/-10 462+/-11 448+/-9 440+/-10 453+/-8 430+/-8 
Bowen-1 413+/-6.2 455+/-4 452+/-4.5 462+/-4.5 448+/-4.4 440+/-4.64 453+/-4.40 430+/-4.2 
Bowen-2 413+/-3.9 455+/-3 452+/-3.2 462+/-3.2 448+/-3.3 440+/-2.91 453+/-2.69 430+/-3.4 
Bowen-3 413+/-5.7 455+/-3 452+/-1.6 462+/-3.4 448+/-3.4 440+/-3.48 453+/-0.52 430+/-1.8 
Bowen-4 413+/-6.1 455+/-4 452+/-3.1 462+/-3.8 448+/-2.8 440+/-3.42 453+/-3.87 430+/-3.1 
SW-QLD-1 418+/-20.6 - 454+/-10.9 463+/-8.5 449+/-11.4 442+/-4.92 455+/-1.07 432+/-5.5 
SW-QLD-2 416+/-17 - 452+/-6.9 461+/-7.0 447+/-7.4 440+/-7.87 452+/-7.12 429+/-6.5 
SW-QLD-3 412+/-5.8 - 452+/-3.7 462+/-4.1 448+/-3.6 440+/-3.07 453+/-5.50 430+/-2.1 
SW-QLD-4 413+/-5.2 - 452+/-4.6 462+/-4.9 448+/-6.3 440+/-3.85 453+/-3.38 430+/-4.2 
NIST610 Eu Gd Dy Lu Hf Th U  
Accepted Values 447+/-12 449+/-12 437+/-11 439+/-8 435+/-12 457.2+/-1 461.5+/-1  
Bowen-1 447+/-5.06 449+/-4.6 437+/-4.17 439+/-3.97 435+/-4.13 457+/-5.12 462+/-3.9  
Bowen-2 447+/-2.88 449+/-2.5 437+/-3.19 439+/-2.19 435+/-2.74 457+/-2.57 461+/-3.2  
Bowen-3 447+/-0.56 449+/-4.3 437+/-1.24 439+/-1.16 435+/-2.95 457+/-2.20 462+/-0.6  
Bowen-4 447+/-3.37 449+/-3.4 437+/-0.89 439+/-3.95 435+/-3.53 457+/-3.83 462+/-3.3  
SW-QLD-1 448+/-2.27 - 439+/-3.8 440+/-5.9 435+/-5.9 458+/-5.6 465+/-9.7  
SW-QLD-2 446+/-4.61 - 436+/-4.0 438+/-4.9 434+/-6.6 456+/-5.8 460+/-7.5  
SW-QLD-3 447+/-5.60 449+/-3.8 437+/-2.5 439+/-4.6 435+/-3.7 457+/-4.0 462+/-4.3  
SW-QLD-4 447+/-4.52 449+/-4.0 437+/-4.0 439+/-4.7 435+/-3.6 458+/-4.1 462+/-3.1  
 
Table 1.2.3. Ages and associated internal and external uncertainties for analysed unknowns 
Analytical 
session 
Sample 
name 
206Pb/238U 
age (Ma) 
Internal 
+/- 2 s.e. 
(Ma) 
Internal 
2RSD 
(%) 
MSWD External 
+/- 2 s.e. 
(Ma) 
External 
2RSD 
(%) 
Matrix effect 
error 
Final 
uncertainty 
(Ma) 
Session 3 JAN-01 243.2 1.4 1.2 1.8 1.7 2.0 None 2.0 
Session 1/2 BAL-01 393.5 1.6 0.8 2.9 1.5 2.9 None 2.9 
Session 4 JAV2-01 358.7 2.4 1.3 1.8 1.8 3.3 None 3.3 
Session 4 JAV2-02 362.3 2.2 1.2 1.6 1.7 3.1 None 3.1 
Session 3 QUI-01 368.6 3.4 1.8 1.9 2.2 4.1 None 4.1 
Session 3 ROS-01 419.4 7 3.3 2.4 3.6 7.5 None 7.5 
Session 4 WOL-01 421.1 3.9 1.9 2.5 2.2 4.7 None 4.7 
Session 4 BUD-01 471 2.2 0.9 1.6 1.5 3.6 None 3.6 
Session 2 STO-01 476.4 2.9 1.2 1.6 1.7 4.1 None 4.1 
Session 1 TBC-01 460.1 5.2 2.3 2.5 2.6 5.9 None 5.9 
Session 3 TOD-01 1730 36 4.2 2.2 4.3 37.5 3 % older 51.9 
Session 2 CAP-04 338.5 1.7 1.0 2 1.6 2.7 None 2.7 
Session 1 CUR-02 347.6 1.8 1.0 1.6 1.6 2.8 None 2.8 
Session 1 MH-01 334.6 2.2 1.3 1.7 1.8 3.0 None 3.0 
Session 1 BN-02 321.3 2.4 1.5 1.9 1.9 3.1 None 3.1 
Session 1 HECT-01 322.2 2 1.2 1.3 1.7 2.8 None 2.8 
Session 1 VIO-01 313.2 1.4 0.9 2 1.5 2.4 None 2.4 
Session 1 LN-02 289 1.3 0.9 1.4 1.5 2.2 None 2.2 
Session 2 GRA-01 281.8 1.3 0.9 1.5 1.5 2.2 None 2.2 
Session 4 SH47 245.4 1.1 0.9 1.08 1.5 1.9 None 1.9 
Session 4 ROO-02 245.8 1.1 0.9 1.01 1.5 1.9 None 1.9 
Session 4 GLO-02 245.9 1.3 1.1 1.09 1.6 2.0 None 2.0 
Session 2 PLEA-01 126.84 0.7 1.1 1.6 1.6 1.0 2.5% younger 3.2 
Session 2 ROU-02 125.9 1.1 1.7 2.2 2.1 1.3 2.5% younger 3.1 
Session 2 HB-01 124.1 0.59 1.0 1.16 1.5 1.0 2.5% younger 3.1 
Session 3 BLA-02 34.3 1 5.8 2.5 6.0 1.0 4% younger 1.4 
Session 3 BEL-02 33.23 0.32 1.9 0.33 2.3 0.4 2% younger 0.7 
additional systematic error must be considered for unknowns that have a matrix 
difference with the primary standard used. In particular, zircons with elevated alpha 
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doses (thus high U contents), or young zircons with low alpha doses exhibit a 
206
Pb/
238
U age offset (Allen & Campbell, 2012). For this study, Tertiary and 
Cretaceous samples plot in the light blue area of Figure 1.2.1 suggesting their 
206
Pb/
238
U age might be 2 to 4% younger than their “true” age (Allen & Campbell, 
2012). On the other hand, Proterozoic PGA Todd 1 plots in the yellow area 
suggesting its measured age might be 2 to 3% older than its “true” age (Figure 1.2.1). 
Consequently a percentage error is added to the Tertiary, Cretaceous and Proterozoic 
samples (Table 1.2.3). 
 
Figure 1.2.1. Age versus U content contoured for alpha dose per gram after Allen and Campbell 
(2012); A. South-West Queensland study; B. Bowen-mackay study. Note that Proterozoic TOD-01 
plot in the yellow area suggesting a measured age older than “true” age, and Tertiary and Cretaceous 
samples (purple and red symbols in B, respectively) plot in the light blue area suggesting a measured 
age younger than “true” age. 
Due to isobaric interferences between 
204
Pb and 
204
Hg, common Pb was not directly 
measured by LA-ICP-MS. An alternative approach was adopted to correct the 
isotopic ratios to common Pb following the method of Cumming and Richards 
(1975). However, in many cases, the corrected 
206
Pb/
238
U age is older from the 
interpreted emplacement age. These corrected ages were therefore not used. These 
are reported in Appendix 6.5. 
Concordance was determined using 
206
Pb/
238
U and 
207
Pb/
235
U ages and calculating 
the following ratios: 
Ratio1 =  
(
Pb 
206
U 238
)
t
+ (
Pb 
206
U 238
)
Prop.Unc. 
(
Pb 207
U 235
)
t
− (
Pb 207
U 235
)
Prop.Unc.
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Ratio2 =  
(
Pb 
206
U 238
)
t
− (
Pb 
206
U 238
)
Prop.Unc. 
(
Pb 207
U 235
)
t
+ (
Pb 207
U 235
)
Prop.Unc.
 
Where (
206
Pb/
238
U)t and (
207
Pb/
235
U)t are the ages and (
206
Pb/
238
U)Prop.Unc. and 
(
207
Pb/
235
U)Prop.Unc. are the propagated uncertainties of these ages. 
If 
206
Pb/
238
U < 
207
Pb/
235
U the analysis is below the normal concordia curve and is 
said “normal”. In the opposite situation, 206Pb/238U > 207Pb/235U, the analysis is above 
the normal concordia curve and is said “reverse”. The analysis is considered within 
10% concordance if 0.9 < Ratio 1 or Ratio 2 > 1.1, and within 5% concordance if 
0.95 < Ratio 1 or Ratio 2 > 1.05. Otherwise it is considered discordant. 
Error correlations were calculated using the following equation: 
Error correlation206
238⁄
207
235⁄
 =  
(
Pb 
206
U 238
)
Prop.Unc.
(
Pb 206
U 238
)
√
  
  
  
  
  
(
 
 
(
Pb 206
U 238
)
Prop.Unc.
(
Pb 206
U 238
)
)
 
 
2
+
(
 
 
(
Pb 207
Pb 206
)
Prop.Unc.
(
Pb 207
Pb 206
)
)
 
 
2
 
Where (
206
Pb/
238
U) and (
207
Pb/
206
Pb) are the measured isotopic ratios and 
(
206
Pb/
238
U)Prop.Unc. and (
207
Pb/
206
Pb)Prop.Unc are the propagated uncertainties of these 
ratios. 
3. SHRIMP U-Pb dating of zircons 
Sample preparation for U-Pb SHRIMP dating was completed by David DiBugnara 
(Mineral Separation Laboratory, GA) using the procedures described by Chisholm et 
al. (2014). Zircon separates used for LA-ICP-MS dating were further refined to 
obtain a high quality zircon separate. A zircon mount was prepared and zircons were 
imaged using transmitted and reflected light microscopy and cathodoluminescence 
technique. Zircons from 6 rock samples were analysed in one analytical session in a 
round-robin fashion, bracketed every 4 analyses by Temora 2 and every 8 unknown 
analyses by OG1. Temora 2 is used to calibrate the 
206
Pb/
238
U ratios and OG1 to 
monitor the 
207
Pb/
206
Pb ratios. For this session, the 
206
Pb/
238
U mean age measured for 
Temora and the 
207
Pb/
206
Pb mean age measured for OG1 are within error with the 
accepted values (Table 1.2.4). Data reduction was undertaken using the SQUID excel 
macro of Ludwig (2009) and the ISOPLOT excel macro of Ludwig (2008). Common  
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Table 1.2.4.  Measured and accepted values for the standards Temora 2 and OG1 
Standard 
name 
Measured age 
(Ma) 
1 σ 
(Ma) 
MSWD N Accepted 
value (Ma) 
Reference Accuracy 
Temora 2 417.1 1.5 2.0 51 416.8 Black et al. 
(2004) 
0.07 % 
OG1 3464.4 2.0 1.46 24 of 26 3465.4 Stern et al. (2009) 0.03 % 
Pb correction was applied using the model of Stacey & Kramers (1975). Common Pb 
corrected ratios and their propagated uncertainties were used for age determinations. 
The 1σ spot to spot error (0.91%) was propagated onto the 206Pb/238U uncertainty 
values of unknowns, and the 1σ session to session error (e.g. external error; 0.19% 
here) was propagated onto the weighted mean age uncertainties of the unknown. 
Further information on analytical conditions and data reduction are given in 
Bodorkos et al. (2013). 
4. LA-ICP-MS dating and chemistry of monazites 
U-Pb dating and chemistry of monazites on QUI-01 were undertaken by LA-ICP-MS 
at the University of Stellenbosch. Unknown monazite analyses were bracketted every 
7 analyses with 3 USGS monazite, 3 Thomson mine, 1 NIST 610 and 1 Itambe 
monazite. Analytical conditions are similar to Buick et al. (2011). Data reduction was 
undertaken using Glitter (Griffin et al., 2008) and the Isoplot excel macro of Ludwig 
(2008). USGS monazite was used as a primary standard and Itambe monazite and 
Thomson Mine monazite as secondary standards. Uncertainties were propagated 
using a 1% relative uncertainty on the age of the primary standard. Data were not 
corrected for common Pb. Similarly to Buick et al. (2011), the measured Itambe 
monazite are reversely discordant on a normal concordia diagram but are within error 
of the accepted value (Table 1.2.5). Accuracy and reproducibility are determined 
using the 
207
Pb/
206
Pb age of Thomsom Mine and are 0.57% and 1.5% (2RSD), 
respectively. Trace element analyses were calibrated against NIST 610. The 
reproducibility of the standard was propagated onto the uncertainty of the weighted 
mean age (see Table 4.8). 
Table 1.2.5. Measured and accepted values for the monazite standards 
Standard name Measured 
206Pb/238U 
age (Ma) 
1 σ 
(Ma) 
MSWD N Accepted 
value 
(Ma) 
Reference Accuracy 
USGS 425.7 3.2 0.95 15 424.9 Aleinikoff et al. (2006) 0.19 % 
Thomson Mine  17561 11 0.21 15 1766 Williams et al. (1996) 0.57 % 
Itambe 516.1 6.5 0.099 5 509-514 Buick unpublished data in 
Rubatto et al. (2014) 
 
1 207Pb/206Pb age 
  
 Appendices 321 
Appendix 1.3. Lu-Hf  isotopes in zircons 
Lu-Hf isotopes on zircons were measured at the Research School of Earth Sciences 
(RSES) at Australian National University (ANU), using a laser ablation 
multicollector inductively coupled plasma mass spectroscopy (LA-MC-ICP-MS), 
with a Helex 193 nm ArF excimer laser ablation system coupled to a 
ThermoFinnigan Neptune MC-ICP-MS (Eggins et al., 2005). Ablations were 
performed at 5-8 Hz and with a 50 µm laser spot size. Each analysis was acquired for 
80 to 90 s, but in cases for a shorter amount of time due to the small size of some 
zircons. Ten unknown analyses were bracketted with the acquisition of a gas blank, 
and the following standards: Mud tank, 91500, Temora 2 and R33. Masses 
171
Yb, 
173
Yb, 
174
Hf, 
175
Lu, 
176
Hf, 
177
Hf, 
178
Hf, 
179
Hf and 
181
Ta were acquired simultaneously 
in a static collection mode. Isobaric interferences were corrected following the 
approach detailed in the supplementary material of Hollis et al. (2014a). Data were 
reduced offline using the software Iolite Package (Paton et al., 2010). 91500 was 
used as a primary standard and Mud tank, Temora 2 and R33 for the Bowen-Mackay 
study, and Mud tank, FC-1, QGNG and Plesovice for the SW Queensland study were 
used as a check on data quality. Hf isotopes on reference materials are within 
uncertainty and agree very well with accepted values listed in Woodhead and Hergt 
(2005) (Table 1.3.1). Consequently, no correction factor was applied to the data. 
Reproducilibity calculated using intial ԐHf of 91500 is 3% (1RSD) for the Bowen-
Mackay session and 6% (1RSD) for the SW Queensland session. 
176
Hf/
177
Hf is 
calculated using a decay constant λ176Lu=1.867.10-11 y-1 (Söderlund et al., 2004), ƐHf 
is calculated using chondritic values from Bouvier et al. (2008). Two-stage model 
ages are calculated using depleted mantle values from Griffin et al. (2000) and a 
Lu/Hf equal to 0.0125 after Chauvel et al. (2014). 
Table 1.3.1. Measured and accepted values for Hf isotope values in zircon standards. Accepted values 
are from Woodhead and Hergt (2005). 
Session Standard name Measured 
176Hf/177Hf 
2 σ N Accepted 
176Hf/177Hf value 
Acccuracy (%) 
Bowen Mud Tank 0.282505 0.000018 19 0.282507 0.0007 
Bowen 91500 0.282293 0.000030 19 0.282306 0.0046 
Bowen Temora 2 0.282683 0.000030 19 0.282686 0.0011 
Bowen R33 0.282742 0.000040 18 - - 
SW Queensland Mud Tank 0.282495 0.000045 8 0.282507 0.0042 
SW Queensland 91500 0.282304 0.000055 22 0.282306 0.0007 
SW Queensland FC-1 0.282175 0.000033 37 0.282184 0.0032 
SW Queensland QGNG 0.281613 0.000031 8 0.281612 0.0004 
SW Queensland Plesovice 0.282479 0.000065 8 - - 
  
 322 Appendices 
Appendix 1.4. Methodology – O  isotopes in zircons 
O isotopes were analysed by Dr Richard Armstrong using the SHRIMP II at RSES, 
ANU, following similar analytical conditions to those described in Ickert et al.  
(2008). O isotope analyses were undertaken on the exact same location as U-Pb 
dating SHRIMP pits. 
18
O/
16
O measurements are reported in the δ18O notation, in 
standard per mil (‰), relative to Vienna-Standard Mean Ocean Water (VSMOW). 
Standards FC1, Temora 2 and OG1 were analysed in a round robin fashion. 
Uncertainties from the standard Temora 2 were propagated onto the uncertainties of 
the unknowns. Reproducibility is 3.2% using δ18O of Temora 2. δ18O  values on 
reference materials agree well with the accepted values (Table 1.4.1). 
Table 1.4.1. Measured and accepted values for O isotope values in zircon standards. 
Standard name Measured δO18 1 σ N Accepted 
176Hf/177Hf value 
Reference Acccuracy (%) 
Temora 2 8.21 0.26 29 8.2 Black et al. (2004) 0.1 
FC1 5.50 0.38 26 5.4 Ickert et al. (2008) 1.8 
OG1 5.48 0.96 2 - - - 
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Appendices 1.5 to 1.10 can be found in the attached CD. 
 
Appendix 1.5. AGEC 2011 extended abstract and poster 
 
Appendix 1.6. IGC 2012 – short abstract 
 
Appendix 1.7. Digging Deeper 2012 - extended abstract 
 
Appendix 1.8. Goldschmidt 2013 – short abstract 
 
Appendix 1.9. AGEC 2013 -  extended abstract 
 
Appendix 1.10. Geothermics 2014 – journal article 
Due to copyright issues only the accepted version is attached. For a fully published 
version, please visit: 
 http://www.sciencedirect.com/science/article/pii/S0375650514000066 
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Appendix 2.1. Compilation of whole-rock chemistry of igneous rocks in 
Queensland - major elements are normalised to 100% on anhydrous basis (CD) 
 
This compiled dataset can be found in the attached CD as an excel file. 
The first tab is the legend providing information on the list of headers used. The 
second tab is the entire compiled dataset. The third tab is an extract of high quality 
data, principally geochemical analyses with LOI of sum of volatiles <5. The fourth 
tab is a subset of the compiled dataset listing all radiometric ages and their 
corresponding geochemical analyses when available. 
 
 
Appendix 2.2. Figure 2.8A (CD) 
 
This is a repeat of Figure 2.8A to allow better visualisation. 
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Appendix 3.1. Thermal conductivity estimates of sedimentary formations  
(CD) 
 
This appendix can be found in the attached CD as an excel file. 
This large excel spreadsheet provides information on the stratigraphy of each of the 
163 wells used to determine heat flow and temperature at 5km depth. It provides all 
steps to estimate the thermal conductivity of intersected sedimentary formations. 
Detailed information are given in the first tab of this excel spreadsheet. 
 
Appendix 3.2. Thermal conductivity, basement heat production and 
temperature measurements used in the stochastic model (CD) 
 
This appendix can be found in the attached CD as an excel file. 
This excel spreadsheet provides information on thermal conductivity, temperature 
measurements and basement heat production values used for heat flow 
determinations. 
 
Appendix 3.3.  Results of the stochastic model including temperature and heat 
flow estimates at 5 km depth (CD) 
 
This appendix can be found in the attached CD as an excel file. 
This excel spreadsheet provides the results of stochastic modelling, listing 
temperature and heat flow estimates at 5 km depth. 
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Appendix 4.1. Curatory Details – Southwest Queensland 
Core name 
Core 
Id 
Sample name  
Interval depth 
granite 
analysed (m) 
Zone Easting Northing Latitude Longitude 
M
a
p
 S
h
ee
t 
2
5
0
K
 
Description 
S
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 t
h
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a
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n
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M
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n
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A
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C
P
-
M
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DIO Wolgolla 1 667 WOL-01 2040.3-2041.1 54 531069 6882953 -28.179 141.317 SG55-7 
Altered, leucocratic, coarse-grained, porphyritic, 
muscovite-biotite S-type monzogranite    
 
 
√ 
 
  
   
2040.4 
        
√ 
 
 
     
   
2041.1-2041.7 
          
 
  
√ √ 
 
TEA Roseneath 1 665 ROS-01 2192.4-2193.1 54 523464 6884171 -28.168 141.239 SH54-3 
Pale grey, medium-grained, leucocratic, biotite-
muscovite S-type monzogranite; cut by black veins    
 
 
√ 
 
 
 
   
2195.7 
        
√ 
 
 
   
 
 
   
2195.5-2196.2 
          
 
  
√ 
 
 
TEA Tickalara 1 6666 TIC-01 1731.6-1732.4 54 540095 6866986 -28.323 141.409 SH54-3 
Buff, coarse-grained, slightly porphyritic, muscovite-
biotite monzogranite    
 
 
√ 
   
   
1761.9 
        
√ 
 
 
     
AOD Budgerygar 1 783 
BUD-01; BUD-
02 
1622.4-1622.8 55 234029 7187493 -25.406 144.356 SG55-5 
Grey, medium-grained, equigranular, hornblende-
biotite I-type monzogranite    
 
 
√ 
  
 
   
1622-1622.2 
        
√ 
 
 
     
   
1621.5-1622 
          
 
  
√ √ 
 
LOL Stormhill 1 732 STO-01 1552.3-1552.8 54 762807 7327369 -24.144 143.586 SG54-4 
Pale grey, medium-grained, equigranular, biotite I-
type monzogranite    
 
 
√ 
 
  
   
1552.3 
        
√ 
 
 
     
   
1552.8-1553.2 
          
 
  
√ √ 
 
AMX Toobrac 1 1376 TBC-01 
1107.35-
1107.85 
54 782249 7388329 -23.591 143.766 SF54-16 
Grey, medium-grained, muscovite-biotite S-type 
monzogranite with possible tourmaline    
 
 
√ 
 
  
   
1107.5 
        
√ 
 
 
     
   
1106.7-1107.2 
          
 
 
 
√ 
  
PPC Lissoy 1 645 LIS-01 4068.5-4068.7 55 286732 7216354 -25.154 144.884 SG55-5 
Pale-grey, medium to coarse-grained, leucocratic, 
biotite monzogranite    
 
 
√ 
   
   
4068.5-4068.7 
       
√ * 
  
 
     
AOP Balfour 1 655 BAL-01 1693.5-1694.1 55 518787 7135259 -25.901 147.188 SG55-7 
Red, fine-grained, equigranular, I-type tonalite; 
Enclaves and calcite veins    
 
 
√ 
  
 
   
1692.6-1692.7 
        
√ 
 
 
     
   
1693.5-1693.6 
        
√ 
 
 
     
   
1694.1-1694.7 
          
 
  
√ √ 
 
BEA Valetta 1 657 VAL-01 1338.4-1339 55 459765 7229936 -25.046 146.601 SG55-6 
Red, medium-grained, equigranular, leucocratic, 
syenogranite, enclaves-bearing    
 
 
√ 
   
   
1338.7 
        
√ 
 
 
     
TEP Jandowae West 1 595 JAN-01 466.65-467.35 56 308831 6973750 -27.205 151.036 SG56-13 
Pale grey, medium-grained, equigranular, bornblende-
biotite I-type quartz monzodiorite    
 
 
√ 
 
  
   
467.56-467.57 
        
√ 
 
 
     
   
467.75-468.45 
          
 
  
√ √ 
 
CON Wonolga 1 306 WON-01 1809.5-1809.9 55 694341 6936619 -27.681 148.971 SG55-16 
Pale grey, medium-grained, equigranular, hornblende-
biotite I-type quartz monzodiorite    
 
 
√ 
   
   
1809.5-1809.9 
        
√ 
 
 
     
AAO Dalmuir 1 21 DAL-01 1327.7-1328.7 55 711314 7045000 -26.7 149.124 SG55-12 
Pink-grey, coarse-grained, porphyritic, muscovite-
biotite monzogranite    
 
 
√ 
   
   
1328.3 
        
√ 
 
 
     
AAO Quibet 1 275 QUI-01 1080.9-1081.2 55 683593 7073154 -26.45 148.841 SG55-12 
Pale buff, leucocratic, medium to coarse-grained, 
porphyritic, muscovite-biotite S-type monzogranite    
 
 
√ 
 
 
 
   
1082 
        
√ 
 
 
     
   
1081.5-1082.6 
          
 
  
√ 
 
√ 
Santos Javel 2 
 
JAV-01-ZR-DA 1160-1161 55 724951 7043719 -26.424 149.154 SG55-12 
Pale grey to pink, coarse-grained, porphyritic, biotite-
muscovite S-type monzogranite; Upper granite    
 
  
√ √ 
 
Santos Javel 2 
 
JAV-02-ZR-DA 1172-1173 55 724951 7043719 -26.424 149.154 SG55-12 
Pale grey to pink, coarse-grained, porphyritic, biotite-
muscovite S-type monzogranite; Lower granite    
 
  
√ 
  
Santos Javel 2 
 
JAV-01-CHEM 1148-1149 55 724951 7043719 -26.424 149.154 SG55-12 Upper granite - top portion 
   
 
 
√ 
   
Santos Javel 2 
 
JAV-02-CHEM 1154-1155 55 724951 7043719 -26.424 149.154 SG55-12 Upper granite - middle portion 
   
 
 
√ 
   
Santos Javel 2 
 
JAV-03-CHEM 1163.7-1164.6 55 724951 7043719 -26.424 149.154 SG55-12 Upper granite - lower portion 
   
 
 
√ 
   
Santos Javel 2 
 
JAV-04-CHEM 1165-1165.4 55 724951 7043719 -26.424 149.154 SG55-12 Fine-grained sill 
   
 
 
√ 
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Appendix 4.1 (Suite) 
Core name 
Core 
Id 
Sample name  
Interval depth 
granite 
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Santos Javel 2 
 
JAV-05-CHEM 1165.5-1166 55 724951 7043719 -26.424 149.154 SG55-12 Coarse-grained sill 
   
 
 
√ 
   
Santos Javel 2 
 
JAV-06-CHEM 1171-1172 55 724951 7043719 -26.424 149.154 SG55-12 Lower granite 
   
 
 
√ 
   
Santos Javel 2 - JAV-01-PET 1146.26 55 724951 7043719 -26.424 149.154 SG55-12 Depositional contact 
 
√ 
 
 
    
 Santos Javel 2 - JAV-02-PET 1146.6-1146-7 55 724951 7043719 -26.424 149.154 SG55-12 Tonalite 
 
√ 
 
 
     
Santos Javel 2 - JAV-03-PET 1147.7 55 724951 7043719 -26.424 149.154 SG55-12 Fine-grained enclave 
 
√ 
 
 
     
Santos Javel 2 - JAV-04-PET 1149.8 55 724951 7043719 -26.424 149.154 SG55-12 Centimetric enclave 
 
√ 
 
 
     
Santos Javel 2 - JAV-05-PET 1153.42 55 724951 7043719 -26.424 149.154 SG55-12 Centimetric enclave 
 
√ 
 
 
     
Santos Javel 2 - JAV-06-PET 1154.4 55 724951 7043719 -26.424 149.154 SG55-12 Upper granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-07-PET 1156 55 724951 7043719 -26.424 149.154 SG55-12 Upper granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-08-PET 1158.2 55 724951 7043719 -26.424 149.154 SG55-12 Upper granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-09-PET 1161.79 55 724951 7043719 -26.424 149.154 SG55-12 Enclave 
 
√ 
 
 
     
Santos Javel 2 - JAV-10-PET 1162.35 55 724951 7043719 -26.424 149.154 SG55-12 Upper granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-11-PET 1164.8 55 724951 7043719 -26.424 149.154 SG55-12 Upper granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-12-PET 1164.83 55 724951 7043719 -26.424 149.154 SG55-12 Contact Upper granite-Sill 
 
√ 
 
 
     
Santos Javel 2 - JAV-13-PET 1165.45 55 724951 7043719 -26.424 149.154 SG55-12 Fine-grained sill 
 
√ 
 
 
     
Santos Javel 2 - JAV-14-PET 1166.6 55 724951 7043719 -26.424 149.154 SG55-12 contact sill-fine-granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-15-PET 1166.85 55 724951 7043719 -26.424 149.154 SG55-12 fine-grained lower granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-16-PET 1167.47 55 724951 7043719 -26.424 149.154 SG55-12 Lower granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-17-PET 1168.1 55 724951 7043719 -26.424 149.154 SG55-12 Lower granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-18-PET 1169.1 55 724951 7043719 -26.424 149.154 SG55-12 Lower granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-19-PET 1171.63 55 724951 7043719 -26.424 149.154 SG55-12 Lower granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-20-PET 1173.85 55 724951 7043719 -26.424 149.154 SG55-12 Lower granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-21-PET 1174.33 55 724951 7043719 -26.424 149.154 SG55-12 Lower granite 
 
√ 
 
 
     
Santos Javel 2 - JAV-22-PET 1176.1 55 724951 7043719 -26.424 149.154 SG55-12 Lower granite 
 
√ 
 
 
 
√ 
   
CPC Ooroonoo 1 746 OOR-01 1170.4 54 556784 7436737 -23.177 141.555 SF54-15 
Medium-grained biotite gneissic granite with coarse 
pegmatitic domains    
 
 
√ 
   
  
OOR-02 1174 
        
 
 
 
 
√ 
   
  
OOR-01 1173.2-1174.1 
        
√ 
 
 
     
PPC Beantree 1 844 BEA-01 548.6-549.6 54 412752 7427946 -23.255 140.147 SF54-14 Dark-grey, medium-grained, biotite I-type tonalite 
   
 
 
√ 
   
   
548.6-549.6 
        
√ 
 
 
     
PGA Todd 1 3091 TOD-01 1392.2-1396.35 54 239584 7470313 -22.855 138.462 SF54-9 Red, very coarse-grained, biotite I-type syenogranite 
   
 
 
√ 
   
   
1392.2-1396.35 
        
√ 
 
 
     
   
1392.2-1396.35 
          
 
  
√ 
  
PAP Netting Fence 1 818 NF-01 2030-2031.5 54 196141 7460971 -22.932 138.037 SF54-9 
Pink, coarse-grained, porphyritic, biotite I-type 
monzogranite    
 
 
√ 
   
   
2030-2031.5 
        
√ 
 
 
     
PGA Bradley 1 1984 BRA-01 890.6-894.35 54 206471 7534827 -22.267 138.152 SF54-9 
Red, medium-grained, porphyritic, biotite I-type 
monzogranite    
 
 
√ 
   
      890.6-894.35                 √              
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Appendix 4.2. Existing geochronology data on igneous rocks in South-western 
Queensland, including the Roma Shelf and selected subsurface samples from 
NAC. Outcropping Thomson Orogen  
Location 
Number 
G/V Drill core/Unit name Technique Age (Ma) Depth 
(m) 
Reference 
Roma Shelf 
1 G AAO Brucedale 1 K-Ar biotite 298 15571 (Houston, 1964) 
   K-Ar biotite 304 15571 (Harding, 1969) 
2 G AAO Pleasant Hills 1 K-Ar biotite 337+/-7 10321 (Webb et al., 1963) 
3 G AAO Sawpit Creek 1 K-Ar biotite 343 11181 (Harding, 1969) 
4 G AAO Mount Hope 1 K-Ar biotite 355 7691 (Harding, 1969) 
5 G AAO Rosewood 1 K-Ar biotite 356+/-7 6281 (Webb et al., 1963) 
6 G AOP Scalby 1 K-Ar biotite 324+/-12 8111 (Hamilton, 1966) 
    331+/-12 8111 (Bennett et al., 1975) 
   U-P zircon SHRIMP 368.4+/-2.2 8111 Purdy, pers.comm. (2014) 
Subsurface Thomson Orogen 
7 V AOP Cunno 1 K-Ar feldspar 187+/-20 847.71 (Gerrard, 1966) 
8 V AAE Towerhill 1 U-Pb zircon SHRIMP 385.0+/-4.6 14872 (Draper, 2006) 
9 V APC Thunderbolt 1 U-Pb zircon SHRIMP 392.5+/-2.5 16081 Purdy, pers.comm. (2014) 
10 V PPC Gumbardo 1 U-Pb zircon SHRIMP 401.8+/-2.1 37002 (Draper, 2006) 
11 V PPC Carlow 1 U-Pb zircon SHRIMP 408.3+/-2.4 32922 (Draper, 2006) 
12 G AOP Balfour 1 - 420+/-20 16711 (Bennett et al., 1975) 
13 G PPC Etonvale 1 Rb-Sr whole-rock and 
feldspar concentrate 
420 34021 (Lewis & Kyranis, 1962) 
14 G LOL LOL 1 Cleeve K-Ar biotite 418 9311 (Webb et al., 1963) 
15 G TEA Roseneath 1 K-Ar muscovite 405+/-2 21701 (Murray, 1986) 
16 G DIO Ella 1 K-Ar muscovite 408+/-2 12481 (Moore, 1987) 
   U-Pb zircon SHRIMP 428.3+/-5.2 12782 (Draper, 2006) 
17 G AMX Toobrac 1 K-Ar muscovite 446+/-2 11061 (Schmedje & Forder, 1986) 
   U-Pb zircon SHRIMP 469.4+/-7.7 11072 (Draper, 2006) 
18 V GSQ Maneroo 1 U-Pb zircon SHRIMP 472.9+/-2.7 11602 (Draper, 2006) 
19 V BEA Coreena 1 U-Pb zircon SHRIMP 477.8+/-2.6 15862 (Draper, 2006) 
11 V PPC Carlow 1 U-Pb zircon SHRIMP 483.6+/-5.9 36602 (Draper, 2006) 
20 V DIO Adria Downs U-Pb zircon SHRIMP 510+/-2.8 4901 (Draper, 2006) 
NAC intersected by drilling 
21 G JHR Gladevale Downs 1 U-Pb zircon SHRIMP 347+/-2 551.73 (Neumann & Kositcin, 2011)  
22  Bedourie K-Ar biotite 798 - (Evernden & Richards, 1962) 
23 G CPC Ooroonoo 1 K-Ar biotite 860 11701 (Webb et al., 1963) 
Granite Springs area near Eulo – Thomson Orogen 
24 G Currawinya granite U-Pb zircon SHRIMP 381.5+/-2.4 outcrop (Bultitude & Cross, 2013) 
25 G Eulo Ridge granite U-Pb zircon SHRIMP 385+/-3 outcrop (Cross et al., 2012) 
26 G Hungerford granite U-Pb zircon SHRIMP 419.1+/-2.5 outcrop (Bultitude & Cross, 2013) 
27 G Granite Springs granite U-Pb zircon SHRIMP 456.3+/-3.9 outcrop (Bultitude & Cross, 2013) 
Big Lake Suite – South Australia 
28 G Big Lake 1 U-Pb zircon LA-ICP-MS 312+/-3 3057 (Marshall, 2013) 
29 G Habanero 1 U-Pb zircon LA-ICP-MS 317+/-3 3911 (Marshall, 2013) 
30 G Jolokia 1 U-Pb zircon LA-ICP-MS 321+/-5 4907 (Marshall, 2013) 
31 G McLeod 1 U-Pb zircon LA-ICP-MS 324+/-2 3748 (Marshall, 2013) 
32 G Moomba 1 U-Pb zircon LA-ICP-MS 325+/-2 2895 (Marshall, 2013) 
Thomson outcrop – Anakie Inlier 
33 G Taroborah Batholith K-Ar biotite 373+/-7 outcrop (Webb et al., 1963) 
34 G Retreat Batholith U-Pb zircon SHRIMP 392.4+/-10.2 outcrop (Wood, 2006) 
35 G Mooramin granite U-Pb zircon SHRIMP 463+/-15 outcrop (Richards et al., 2013) 
36 G Coquelicot tonalite U-Pb zircon SHRIMP 471.7+/-3.6 outcrop (Fergusson & Henderson, 2013) 
37 G Buckland Hills diorite U-Pb zircon SHRIMP 508+/-7 outcrop (Fanning, 1995) 
Thomson outcrop – Charters Towers 
38 G Amarra Suite U-Pb zircon SHRIMP 382+/-5 outcrop (Fanning, 1995) 
39 G Barrabas SS K-Ar biotite 405+/-12 outcrop (Wyatt et al., 1971) 
40 G Craigie SS K-Ar hornblende 406+/-3 outcrop (Rienks & Withnall, 1996) 
41 G Broughton River SS Rb-Sr biotite-whole-rock 406+/-4 outcrop (Hutton et al., 1994) 
42 G Deane SS Rb-Sr biotite-whole-rock 409+/-2 outcrop (Hutton et al., 1994) 
43 G Millchester SS Rb-Sr biotite-whole-rock 411-426 outcrop (Hutton et al., 1994) 
44 G Hodgon Suite U-Pb zircon SHRIMP 414+/-5 outcrop (Fanning, 1995) 
45 G Lavery Creek SS U-Pb zircon SHRIMP 463+/-3 outcrop (Hutton et al., 1994) 
46 G Columbia Creek SS U-Pb zircon SHRIMP 464+/-5 outcrop (Hutton et al., 1994) 
47 G Hogsflesh Creek SS Rb-Sr whole-rock 480+/-5 outcrop (Rienks, 1991) 
48 G Sunburst granodiorite U-Pb zircon SHRIMP 482+/-8 outcrop (Fanning, 1995) 
49 G Fat Hen Creek Complex U-Pb zircon SHRIMP 483+/-12 outcrop (Hutton, 2004) 
50 G Schreiber granodiorite U-Pb zircon SHRIMP 490+/-6 outcrop (Hutton et al., 1994) 
51 V Mount Windsor 
Volcanics 
U-Pb zircon 479+/-5 outcrop (Perkins et al., 1993) 
2
 depth analyses; 
U
 depth unknown; D Delamarian Orogen; G is granite, V is volcanic  
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Appendix 4.2. (Continued) 
Location 
Number 
G/V Drill core/Unit name Technique Age (Ma) Depth 
(m) 
Reference 
Thomson outcrop – Greenvale Province 
52 G Dido tonalite U-Pb zircon 431+/-7 outcrop (Bain & Draper, 1997) 
53 G Lynwater Complex U-Pb zircon 477-486 outcrop (Fergusson et al., 2007) 
Thomson outcrop – Barnard Province 
54 G Mission Beach granite 
complex 
U-Pb zircon SHRIMP 463+/-7 outcrop (Bultitude & Garrad, 1997) 
55 G Tam’O Sharter granite U-Pb zircon SHRIMP 486+/-10 outcrop (Bultitude & Garrad, 1997) 
Thomson outcrop – Broken River Province 
56 G Saddington tonalite U-Pb zircon LA-ICP-
MS 
487.8+/-5.8 outcrop (Fergusson & Henderson, 
2013) 
Thomson outcrop – Iron Range Province 
57 G Flyspeck SS U-Pb zircon SHRIMP 398-406 outcrop (Black et al., 1992) 
58 G Blue Mountains SS U-Pb zircon SHRIMP 405-409 outcrop (Black et al., 1992) 
59 G Kintore SS U-Pb zircon SHRIMP 405-408 outcrop (Black et al., 1992) 
Thomson outcrop – NSW-SA 
60 G Utah Lake Plutonic Complex K-Ar 389 outcrop (Glen et al., 2013) 
61 G Tibooburra K-Ar biotite 398 coreU (Evernden & Richards, 1962) 
62 G Tinchelooka diorite U-Pb zircon SHRIMP ~402 outcrop (Bodorkos et al., 2013) 
63 G Brewarrina granite U-Pb zircon SHRIMP 420.9+/-2.3 outcrop (Bodorkos et al., 2013) 
64 G Tibooburra suite U-Pb zircon SHRIMP 420-427 outcrop (Black, 2006, 2007) 
65 V Noonthorangee FormationD U-Pb zircon SHRIMP 508-511 outcrop (Black, 2005) 
66 V Cymbric Vale FormationD U-Pb zircon SHRIMP 510.5+/-2.9 outcrop (Black, 2007) 
67 G Williams Peak graniteD U-Pb zircon SHRIMP 515.1+/-2.7 outcrop (Black, 2007) 
68 V Mooracoochie Volcanics U-Pb zircon 517+/-9 33312 (Sun, 1998) 
69 V Warraweena volcanics U-Pb zircon LA-ICP-
MS 
576.9+/-5.6 1632 (Glen et al., 2013) 
70 V Volcanic rocks Toorale U-Pb zircon LA-ICP-
MS 
594+/-7.1 982 (Glen et al., 2013) 
2
 depth analyses; 
U
 depth unknown; D Delamarian Orogen; G is granite, V is volcanic 
 
 
Appendix 4.3. XRD profiles for bulk-rock samples (CD) 
 
This appendix can be found in the attached CD as pdf file. 
 
 
Appendix 4.4. XRD profiles for mineral clay separates (CD) 
 
This appendix can be found in the attached CD as pdf file. 
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Appendix 4.5. Major and trace element data –Southwest Queensland 
 
SAMPLE JAN-01 BAL-01 
Balfour 
VAL-01 JAV2-01 JAV2-02 JAV2-03 JAV2-04 JAV2-05 JAV2-06 QUI-01 DAL-01 WON-01 
Major elements (wt%) 
SiO2 55 60.9 74.4 74.5 71.9 74.7 76.4 74.2 74.7 75.6 74.3 73.9 
TiO2 1.5 0.69 0.26 0.18 0.22 0.21 0.06 0.13 0.16 0.09 0.23 0.16 
Al2O3 17 15.85 13.2 12.2 13.65 13 12.55 12.5 13.25 13.1 13.25 14.95 
Fe2O3 7.59 6.34 2.12 1.79 1.91 1.84 0.65 1.58 1.56 1.36 2.15 1.24 
MnO 0.1 0.1 0.05 0.04 0.05 0.03 0.01 0.04 0.05 0.07 0.04 0.01 
MgO 2.4 3.35 0.8 0.27 0.31 0.3 0.11 0.23 0.25 0.14 0.33 0.27 
CaO 3.97 2.39 0.48 0.92 1.1 0.2 0.24 0.97 0.73 0.41 0.91 0.03 
Na2O 4.6 4.51 3.9 2.4 2.72 2.47 3.05 2.56 2.86 3.16 2.82 0.26 
K2O 1.64 2.14 3.3 4.38 4.59 4.58 5.15 4.46 4.8 4.7 4.98 5.51 
P2O5 0.36 0.09 0.07 0.09 0.11 0.09 0.09 0.1 0.13 0.19 0.14 0.03 
Raw total 99.7 100.0 99.6 99.1 99.3 99.2 99.2 99.1 99.6 99.8 99.7 99.6 
LOI 5.58 3.67 1.02 2.28 2.74 1.76 0.9 2.28 1.14 0.99 0.57 3.21 
Trace elements (ppm) 
Li 13.3 22.1 3.6 36.8 49.2 50.9 23.7 36.7 62.2 54.4 39.1 19.3 
Be 1.54 1.06 2.17 1.96 4.39 3.63 2.36 3.64 3.57 4.22 1.30 2.19 
Sc 18.52 19.49 7.84 4.88 6.05 5.25 1.86 3.87 4.01 3.50 4.83 5.02 
V 112.5 150.5 8.2 15.5 19.0 17.4 2.4 8.5 12.3 4.4 18.3 11.8 
Cr 8.01 4.86 1.15 7.05 10.17 6.92 1.04 3.90 6.36 3.10 6.74 3.40 
Co 12.78 14.64 1.98 2.48 3.25 2.57 0.89 1.70 1.94 0.88 2.66 2.15 
Ni 2.55 1.77 0.51 3.01 4.00 3.05 0.61 1.81 2.72 1.34 3.14 1.79 
Cu 5.22 0.69 1.01 0.56 0.57 0.88 2.24 2.24 0.98 0.76 1.25 12.74 
Zn 90.05 33.33 24.17 33.65 53.06 38.78 15.98 47.14 30.25 21.81 39.10 33.86 
Ga 19.96 15.54 13.25 15.14 17.80 14.96 12.49 14.63 15.41 16.30 15.45 13.91 
As 
            Rb 59.1 72.1 122.6 206.6 219.8 211.9 242.4 222.3 273.8 377.9 237.8 182.0 
Sr 341.6 110.3 93.6 43.7 51.8 31.7 19.6 33.4 30.9 15.7 71.3 86.8 
Y 30.25 15.13 24.67 28.25 32.85 30.11 15.99 24.15 24.27 14.58 30.64 85.78 
Zr 999.2 115.4 150.4 114.4 153.6 133.0 45.6 81.4 96.1 40.6 113.1 101.1 
Nb 11.05 7.03 10.25 6.42 8.13 6.34 3.06 5.15 6.36 5.69 6.68 7.51 
Cd 0.07 0.01 0.01 0.04 0.23 0.03 0.01 0.02 0.01 0.02 0.05 0.05 
In 0.07 0.05 0.02 0.05 0.06 0.05 0.05 0.06 0.06 0.04 0.05 0.01 
Sn 1.09 0.58 2.50 6.20 6.16 3.68 8.89 8.59 8.70 13.55 4.93 4.26 
Sb 0.13 0.19 0.08 0.09 0.21 0.11 0.15 0.14 0.14 0.12 0.12 0.07 
Cs 5.36 5.55 2.09 8.68 15.21 8.42 8.84 12.26 16.76 18.96 10.83 5.43 
Ba 571.5 433.1 475.9 145.2 166.0 152.6 53.2 108.7 173.1 69.8 345.1 478.2 
La 16.48 17.54 24.00 15.22 18.13 14.64 7.30 9.85 11.25 5.84 18.02 22.59 
Ce 37.01 33.73 47.87 33.56 40.06 32.76 17.22 22.55 24.42 13.76 38.02 47.97 
Pr 4.80 3.79 5.45 4.13 4.99 4.05 2.10 2.72 2.95 1.73 4.86 5.83 
Nd 20.13 13.75 19.78 15.60 18.75 15.41 7.66 10.06 10.87 6.38 18.56 22.24 
Sm 4.63 2.89 4.05 4.00 4.88 4.02 2.26 2.84 2.89 2.03 4.77 6.02 
Eu 2.25 0.76 0.84 0.42 0.59 0.40 0.12 0.23 0.43 0.15 0.91 0.98 
Gd 5.01 2.82 4.07 4.24 5.06 4.37 2.27 3.21 3.30 2.08 5.03 8.07 
Tb 0.84 0.46 0.70 0.82 0.96 0.86 0.48 0.67 0.67 0.45 0.93 1.75 
Dy 5.32 2.83 4.39 5.23 6.04 5.43 2.99 4.36 4.32 2.81 5.69 12.84 
Ho 1.20 0.60 0.94 1.03 1.21 1.07 0.57 0.87 0.86 0.52 1.09 3.02 
Er 3.52 1.69 2.72 2.73 3.22 2.90 1.53 2.28 2.34 1.38 2.84 9.04 
Tm 0.56 0.26 0.42 0.40 0.50 0.43 0.25 0.35 0.35 0.22 0.41 1.45 
Yb 3.76 1.71 2.72 2.55 3.13 2.74 1.69 2.23 2.18 1.44 2.54 9.45 
Lu 0.63 0.26 0.41 0.36 0.44 0.39 0.23 0.31 0.30 0.20 0.35 1.39 
Hf 18.26 3.04 4.35 3.52 4.54 3.93 1.68 2.76 3.10 1.76 3.48 3.29 
Ta 0.68 0.59 1.05 0.89 1.01 0.70 0.56 0.85 1.06 1.63 1.04 0.67 
W 0.44 0.80 0.90 1.78 2.79 1.65 2.19 3.32 2.27 2.96 0.60 0.63 
Tl 0.27 0.29 0.52 0.96 1.05 1.06 1.07 1.02 1.29 1.69 1.07 0.87 
Pb 8.57 1.83 7.56 23.14 32.55 32.73 24.48 23.04 23.23 19.93 28.51 49.36 
Bi 0.05 0.00 0.07 0.03 0.04 0.06 0.06 0.10 0.10 0.05 0.06 0.06 
Th 3.80 8.98 18.02 9.69 11.03 9.67 6.99 7.66 8.88 5.18 9.46 14.44 
U 1.35 1.82 2.91 5.90 23.78 2.42 7.43 3.75 1.88 11.48 2.93 4.72 
Nb/Ta 16.31 11.86 9.76 7.23 8.07 9.10 5.44 6.08 5.98 3.50 6.44 11.17 
Zr/Hf 54.72 37.91 34.55 32.46 33.85 33.82 27.12 29.44 30.97 23.01 32.50 30.72 
Y/Ho 25.13 25.20 26.21 27.53 27.13 28.23 28.18 27.81 28.29 28.12 27.99 28.37 
Eu* 1.43 0.81 0.64 0.31 0.36 0.29 0.16 0.23 0.43 0.23 0.57 0.43 
T(°C) 935 750 798 774 798 800 699 744 758 693 767 806 
Heat 
Production 
(µWm-3) 
0.76 1.27 2.27 2.56 7.19 1.70 2.83 1.89 1.53 3.69 1.84 2.70 
MALI 2.41 4.42 6.82 6.06 6.43 7.03 8.10 6.25 7.04 7.54 6.95 5.96 
ASI 1.36 1.34 1.28 1.30 1.32 1.43 1.17 1.28 1.27 1.26 1.24 2.34 
Data presented in the table are not normalised. 
Only calculated values use major elements normalised on anhydrous basis (e.g., MALI) 
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SAMPLE BUD-01 BUD-02 STO-01 TBC-01 LIS-01 ROS-01 WOL-01 TIC-01 OOR-01 OOR-02 BEA-01 BRA-01 NF-01 TOD-01 
Major elements (wt%) 
SiO2 59.7 59.1 75.2 75.9 78.8 76.4 73.8 73.5 74.2 73.7 60.8 71.1 67.3 70.3 
TiO2 0.6 0.6 0.08 0.06 0.04 0.04 0.33 0.18 0.22 0.17 0.93 0.34 0.54 0.36 
Al2O3 13.85 14.15 12.75 14.4 11.55 13.25 14.75 12.85 13 13 15.85 13.1 14.75 13.6 
Fe2O3 12.54 12.64 1.44 0.98 0.94 0.64 2.47 1.77 3.33 3.23 8.02 3.17 4.41 2.64 
MnO 0.19 0.19 0.05 0.06 0.02 0.03 0.04 0.04 0.1 0.1 0.12 0.04 0.08 0.04 
MgO 1.12 1.12 0.1 0.14 0.07 0.13 0.29 0.35 0.72 0.7 1.86 0.62 1.6 0.87 
CaO 1.98 1.9 1.08 0.43 0.45 0.37 0.16 1.08 1.44 2.24 3.95 0.36 2.22 0.62 
Na2O 0.08 0.1 3.13 3.55 3.58 3 0.13 2.51 2.78 1.72 2.57 1.72 2.79 1.88 
K2O 2.25 2.25 4.71 1.21 3.75 4.76 3.79 4.57 1.94 1.16 3.8 7.18 4.87 7.15 
P2O5 0.1 0.1 0.01 0.15 bdl 0.06 0.12 0.08 0.05 0.03 0.22 0.08 0.19 0.08 
Raw total 99.5 99.3 99.2 99.0 99.3 99.8 99.4 99.1 99.9 100.2 99.5 99.0 100.0 99.0 
LOI 7.08 7.1 0.64 2.14 0.07 1.11 3.56 2.2 2.09 4.11 1.35 1.28 1.25 1.41 
Trace elements (ppm) 
Li 33.4 31.7 37.0 1007.3 12.3 37.7 29.4 77.8 11.2 10.3 36.3 24.5 39.6 30.4 
Be 2.11 2.01 3.47 4.23 3.31 6.10 1.90 4.34 2.83 3.43 3.08 3.29 2.67 2.62 
Sc 21.21 21.07 5.61 3.79 7.72 3.87 5.77 4.22 8.70 6.21 16.05 8.85 7.15 6.22 
V 120.7 117.3 2.4 1.5 0.7 0.6 20.3 12.0 24.1 21.2 64.3 6.8 52.2 13.6 
Cr 50.50 49.55 2.26 1.29 0.32 1.10 8.87 6.03 24.09 28.34 22.35 3.43 13.73 6.23 
Co 16.17 16.58 0.46 0.55 0.12 0.19 4.02 2.24 11.00 10.77 15.60 2.56 7.79 3.65 
Ni 6.28 6.57 0.74 0.75 0.15 0.38 5.60 2.79 10.64 11.05 9.87 1.77 8.32 3.60 
Cu 17.02 17.66 0.66 0.71 1.92 18.52 2.04 0.69 15.18 25.53 51.88 2.81 10.70 3.17 
Zn 56.32 56.64 38.83 18.91 25.19 21.94 40.88 39.13 21.45 18.74 96.18 51.33 52.37 33.60 
Ga 14.56 13.99 14.51 20.42 15.99 18.95 18.05 17.44 18.94 15.80 22.17 17.81 17.75 15.18 
As 
        
0.13 0.66 
    Rb 131.6 128.1 253.2 244.5 243.8 379.8 147.1 297.4 194.4 140.9 176.6 353.3 225.7 378.3 
Sr 54.6 55.8 178.4 29.4 43.4 8.9 70.6 39.5 69.8 87.0 267.0 46.2 333.6 50.7 
Y 17.19 18.75 40.56 15.83 31.04 17.16 46.15 41.80 26.17 34.56 32.23 51.22 18.78 31.03 
Zr 125.4 205.3 131.6 30.2 79.5 38.5 201.5 141.4 194.3 282.9 297.3 237.5 167.4 227.8 
Nb 8.74 8.73 14.12 22.87 13.69 13.32 15.60 14.29 29.51 20.93 18.56 18.86 13.38 15.26 
Cd 0.02 0.03 0.07 0.03 0.02 0.15 0.07 0.04 0.01 0.02 0.07 0.01 0.02 0.01 
In 0.06 0.06 0.05 0.08 0.05 0.15 0.09 0.06 0.01 0.01 0.09 0.08 0.05 0.04 
Sn 0.15 0.43 5.42 50.31 6.30 33.60 9.37 16.62 0.65 1.17 0.61 7.96 3.43 5.24 
Sb 0.54 0.49 0.09 0.20 0.12 0.03 0.12 0.06 0.02 0.20 1.41 0.33 0.02 0.33 
Cs 27.27 25.91 10.18 52.54 4.06 18.74 7.60 20.69 4.03 3.98 8.96 16.64 5.21 8.66 
Ba 176.2 189.3 750.1 47.5 220.8 46.9 236.5 281.1 142.1 108.3 817.1 835.1 914.8 541.2 
La 28.09 27.25 23.30 6.30 12.89 4.44 34.52 23.27 11.76 14.18 41.71 71.64 85.19 71.34 
Ce 51.54 49.86 51.37 13.62 29.91 12.34 73.20 49.11 20.17 26.78 85.41 142.52 179.33 142.50 
Pr 5.99 5.81 6.35 1.63 4.01 1.64 8.69 5.70 2.05 2.84 9.99 15.79 20.23 15.31 
Nd 21.54 20.82 24.04 5.81 16.44 5.76 31.96 20.18 6.72 9.63 37.23 55.16 71.42 51.87 
Sm 4.20 4.17 6.08 1.76 5.32 2.21 7.55 5.07 1.38 1.92 7.30 10.59 11.22 9.13 
Eu 0.91 0.90 0.96 0.32 0.50 0.03 0.92 0.46 0.64 0.55 1.52 1.63 1.72 1.08 
Gd 3.88 3.90 6.30 2.03 6.01 2.05 7.60 5.25 1.67 2.26 6.44 9.40 7.08 7.27 
Tb 0.58 0.60 1.10 0.40 1.03 0.48 1.26 1.05 0.41 0.56 0.99 1.52 0.84 1.09 
Dy 3.36 3.57 6.93 2.60 6.16 3.09 7.85 6.89 3.53 4.71 5.82 9.22 3.93 6.08 
Ho 0.68 0.73 1.49 0.55 1.25 0.60 1.67 1.51 0.93 1.22 1.23 1.95 0.72 1.20 
Er 1.84 2.08 4.37 1.68 3.36 1.87 4.68 4.49 3.23 4.14 3.48 5.53 1.82 3.19 
Tm 0.29 0.33 0.69 0.31 0.51 0.37 0.70 0.72 0.58 0.73 0.53 0.83 0.24 0.47 
Yb 1.95 2.20 4.51 2.32 3.20 2.81 4.27 4.72 4.28 5.21 3.43 5.32 1.35 2.92 
Lu 0.29 0.35 0.68 0.36 0.47 0.42 0.61 0.69 0.65 0.77 0.52 0.78 0.19 0.43 
Hf 3.55 5.47 4.85 1.52 3.97 2.07 5.27 4.20 5.70 7.98 7.54 6.96 4.26 6.26 
Ta 0.77 0.78 1.60 7.85 1.39 3.46 1.55 2.74 3.74 2.54 1.43 1.84 1.26 1.34 
W 5.60 5.46 0.73 6.97 1.64 10.46 8.39 2.29 0.28 0.24 0.93 2.38 0.45 1.91 
Tl 0.77 0.72 1.18 0.98 1.19 1.99 0.91 1.58 0.98 0.70 0.75 1.66 1.16 1.77 
Pb 15.25 17.31 35.06 21.75 33.96 30.88 29.21 38.16 16.95 13.90 21.96 23.95 21.52 29.92 
Bi 7.70 7.70 0.05 2.97 0.15 3.89 0.07 0.92 0.02 0.02 0.26 0.23 0.11 0.20 
Th 9.02 9.67 16.34 7.31 22.29 9.08 22.55 17.29 3.89 7.11 12.46 36.46 26.48 41.91 
U 3.33 3.51 5.29 9.37 6.07 6.41 5.13 4.67 4.64 4.05 4.44 6.87 4.31 4.62 
Nb/Ta 11.41 11.13 8.82 2.91 9.85 3.85 10.05 5.22 7.90 8.24 12.94 10.23 10.65 11.39 
Zr/Hf 35.32 37.53 27.12 19.92 20.01 18.57 38.21 33.64 34.07 35.43 39.45 34.14 39.27 36.41 
Y/Ho 25.43 25.69 27.24 28.58 24.86 28.46 27.55 27.61 28.19 28.35 26.21 26.31 26.03 25.78 
Eu* 0.69 0.68 0.47 0.52 0.27 0.04 0.37 0.27 1.29 0.81 0.68 0.50 0.59 0.40 
T(°C) 818 867 774 697 738 692 887 790 835 884 822 834 785 826 
Heat 
Production 
(µWm-3) 
1.68 1.77 2.88 2.98 3.39 2.68 3.19 2.79 1.62 1.61 2.32 4.88 3.34 4.69 
MALI 0.38 0.49 6.86 4.47 6.94 7.49 3.92 6.19 3.35 0.67 2.47 8.74 5.51 8.62 
ASI 3.26 3.36 1.14 1.96 1.12 1.28 3.42 1.29 1.64 2.14 1.36 1.21 1.27 1.20 
Data presented in the table are not normalised. 
Only calculated values use major elements normalised on anhydrous basis (e.g., MALI) 
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Appendix 4.6. Representative semi-quantitative analysis of major and accessory 
minerals using a JEOL 7001F SEM-EDS – Southwest Queensland; All analyses 
are normalised to 100% on anhydrous basis (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 4.7. Zircon morphologies – Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as eleven pdf files within a folder. 
 
Appendix 4.8. Cathodoluminescence images of zircons – Southwest Queensland 
(CD) 
 
This appendix can be found in the attached CD as eleven pdf files for zircons 
analysed by LA-ICP-MS and six pdf files for those analysed by SHRIMP.  
 
Appendix 4.9. Zircon analysis – qualitative information on integration intervals 
and zircon morphologies and textures – Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 4.10. Zircon U-Pb LA-ICP-MS geochronology data – Southwest 
Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 4.11. Zircon chemistry data – Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
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Appendix 4.12. Zircon U-Pb SHRIMP - Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 4.13. Monazite BSE images - Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 4.14. Monazite U-Pb geochronology – Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 4.15. Monazite chemistry - Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 4.16. Hf isotopic data – Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 4.17. O isotopic data – Southwest Queensland (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
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Appendix 4.18. U-Pb concordia figures - Zircon U-Pb LA-ICP-MS – Southwest 
Queensland 
 
Figure 4.18.1. Terra Wasserburg diagram and weighted means for U-Pb dating of zircons using LA-
ICP-MS; Eastern Australia subsurface granitic rocks A. Triassic TEP Jandowae West 1 (JAN-01); B. 
Devonian AOP Balfour (BAL-01). Pink: common Pb, green: Pb loss, grey: emplacement age, blue: 
inherited. Note that uncertainties are 2σ and internal. Refer to main text for external uncertainties. 
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Figure 4.18.2. Early Carboniferous granites from the Roma Shelf area; A. Javel2-1; B. Javel2-2; C. 
Quibet. Note that uncertainties are 2σ and internal. Refer to main text for external uncertainties. 
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Figure 4.18.3. Terra Wasserburg diagram and weighted means for U-Pb dating of zircons using LA-
ICP-MS; Silurian granitic rocks; A. TEA Roseneath 1 (ROS-01); B. DIO Wolgolla 1 (WOL-01). Note 
that uncertainties are 2σ and internal. Refer to main text for external uncertainties. 
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Figure 4.18.4. Terra Wasserburg diagram and weighted means for U-Pb dating of zircons using LA-
ICP-MS; Ordovician granites; A. AOD Budgerygar 1 (BUD-01); B. LOL Stormhill (STO-01); C. 
AMX Toobrac 1 (TBC-01). Note that uncertainties are 2σ and internal. Refer to main text for external 
uncertainties. 
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Figure 4.18.5. Terra Wasserburg diagram, normal concordia and weighted means for U-Pb dating of 
zircons using LA-ICP-MS for the Proterozoic granite from PGA Todd 1 (TOD-01). Note that 
uncertainties are 2σ and internal. Refer to main text for external uncertainties. 
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Appendix 4.19. U-Pb concordia figures - Zircon U-Pb SHRIMP – Southwest 
Queensland 
 
Figure 4.19.1. SHRIMP U-Pb zircon geochronology; A. TEP Jandowae West 1; B. AOP 
Balfour 1; C. Santos Javel 2 upper granite. Grey ellipses are analyses interpreted to represent 
the concordia age, blue ellipses are inherited zircons, green ellipses are data affected by Pb 
loss and pink ellipses are data affected by common Pb (as reflected by 
204
Pb analyses). 
Uncertainties are 1σ. 
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Figure 4.19.2. SHRIMP U-Pb zircon geochronology; A. DIO Wolgolla 1; B. AOP Budgerygar 1; C. 
LOL Stormhill 1. Grey ellipses are analyses interpreted to represent the concordia age, blue ellipses 
are inherited zircons, green ellipses are data affected by Pb loss and pink ellipses are data affected 
by common Pb (as reflected by 
204Pb analyses). Uncertainties are 1σ. 
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Appendix 4.20. U-Pb concordia figures - Monazite U-Pb LA-ICP-MS – 
Southwest Queensland 
 
Figure 4.20.1. LA-ICP-MS U-Pb monazite geochronology; Terra-Wasserburg diagram and weighted 
means for Quibet 1. Errors are 1σ. Light grey box is a rejected analyses from the weigthed mean. 
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CAP-01 EC 55 579578 7817960 -19.73 147.76 SE55-15 Shark Bay, boulder along the creek Cape Upstart fine-grained equigranular leucocratic bt monzogranite 
 
√ 
  
√ 
 
CAP-02 EC 55 578058 7813925 -19.77 147.75 SE55-15 South side of Reno Bay Cape Upstart 
pinkish fine-grained equigranular leucocratic bt-hb syenogranite bearing 
mafic enclaves  
√ 
  
√ 
 
CAP-03 EC 55 579038 7820851 -19.71 147.75 SE55-15 The Cape, North of Catherine Bay Cape Upstart leucocratic fine-grained bt granite 
 
√ 
  
√ 
 
CAP-04 EC 55 578958 7820859 -19.71 147.75 SE55-15 The Cape, North of Catherine Bay Cape Upstart porphyritic granite 
 
√ √ √ √ √ 
CAP-05 EC 55 578956 7820846 -19.71 147.75 SE55-15 The Cape, North of Catherine Bay Cape Upstart fine-grained mafic dyke 
 
√ 
  
√ 
 
CAP-06 EC 55 579073 7820419 -19.71 147.75 SE55-15 South of Catherine Bay Cape Upstart grey-pale, slightly pinkish equigranular medium-grained bt monzogranite 
 
√ 
  
√ 
 
CAP-07 EC 55 579269 7820730 -19.71 147.76 SE55-15 North-East side of the Cape Cape Upstart 
mafic porphyritic, mixed phase between porphyritic granite and mafic 
dyke?  
√ √ 
 
√ 
 
MH-01 EC 55 628544 7783161 -20.04 148.23 SF55-3 South of Bowen, along the coast Middle Hill 
buff, fine-grained, leucocratic, inequigranular bt-hb monzogranite, 
moderately jointed  
√ √ √ √ √ 
CUR-02 EC 55 598988 7797127 -19.92 147.95 SE55-15 Mt Curlewis, NW side Mount Curlewis fine-grained bt granite 
 
√ √ √ √ √ 
NOB-01 EC 55 585140 7802495 -19.87 147.81 SE55-15 Nobbies lookout Eastern side Nobbies lookout fine to medium-grained bt granite 
 
√ √ 
 
√ 
 
CUR-01 EC 55 598422 7797380 -19.92 147.94 SE55-15 close to the beach Mount Curlewis felsic dyke √ 
     
NUT-01 EC 55 629304 7787388 -20.01 148.24 SF55-3 Bowen Hill Mount Nutt Granite 
pale-grey equigranular, coarse-grained bt-hb granite bearing 1-2cm mafic 
enclaves 
√ 
  
√ 
  
BN-02 LC 55 644408 7715617 -20.65 148.39 SF55-3 Pine Ridge Mountain; Mt Hector station 
Birds Nest 
Granodiorite 
pale brownish grey equigranular, fine to medium-grained bt granodiorite 
bearing rare fine-grained mafic enclaves  
√ √ √ √ √ 
GLE-01 LC 55 591073 7793298 -19.95 147.87 SE55-15 just before the gate on Glenore road Glenore medium to coarse-grained diorite 
 
√ 
  
√ 
 
HECT-01 LC 55 646082 7723358 -20.58 148.40 SF55-3 Eastern side of Mt Hector; Mt Hector station Mount Hector 
pale grey, fine to medium grained inequigranular bt monzogranite to 
granodiorite with granophyric texture  
√ √ √ √ √ 
TH-03 LC 55 693245 7627545 -21.44 148.86 SF55-8 
D.Wright property; before the creek, Southern 
track close to Peak down Highway 
Mount Shields 
Granodiorite 
medium-grained bt granodiorite 
 
√ 
  
√ 
 
TH-04 LC 55 691903 7628371 -21.44 148.84 SF55-8 
D.Wright property; before the creek, Southern 
track close to Peak down Highway 
Mount Shields 
Granodiorite 
fine-grained diorite 
 
√ 
  
√ 
 
TOM-01 LC 55 632295 7767057 -20.19 148.27 SF55-3 boundary between Williams and Cross property 
Tommy Roundback 
Granodiorite 
pale pinkish grey medium-grained equigranular hb-bt granodiorite bearing 
numerous mafic enclaves up to 10cm (~2cm common)  
√ 
  
√ 
 
VIO-01 LC 55 636606 7711669 -20.69 148.31 SF55-3 in Grant Creek close to Mt Crompton homestead Viola Creek 
pale grey, medium-grained inequigranular foliated hb-bt granodiorite with 
traces of sphene, bearing numerous mafic enclaves up to ~10cm 
(common 5-7cm) 
 
√ √ √ √ √ 
WAR-01 LC 55 628424 7760565 -20.25 148.23 SF55-3 Colin Cross property; duck river ? 
Ward Creek 
Granodiorite 
pale grey, inequigranular slightly porphyritic bt-hb granodiorite bearing 
mafic enclaves up to ~40cm  
√ √ 
 
√ 
 
BN-01 LC 55 643101 7714514 -20.66 148.37 SF55-3 
along the track going towards Mt Crompton 
homestead 
Birds Nest 
granodiorite 
pale pinkish grey equigranular hb-bt monzogranite with traces of sphene 
and bearing enclaves 
√ 
     
CRO-03* LC 55 643420 7701966 -20.78 148.38 SF55-3 Mount Crompton; 511m elevation 
 
Diorite √ 
     
AC-02 LC 55 637201 7709942 -20.71 148.32 SF55-3 
along the track beween Grant Creek and Mt 
Crompton 
Amelia Creek tonalite 
grey, fine to medium-grained inequigranular bt-hb tonalite with traces of 
sphene and numerous fine-grained mafic enclaves up to 20 cm 
√ 
     
TH-02 LC 55 694122 7629357 -21.43 148.87 SF55-8 
D.Wright property; before the creek, Northern 
track close to Peak down Highway 
Tally-Ho Igneous 
Complex 
fine-grained diorite √ 
     
MIL-01 LC 55 629488 7767349 -20.19 148.24 SF55-3 
in Cross property; boundary between Williams 
and Cross property 
Milwarra quartz diorite √ 
     
GUT-01 LC 55 587137 7795231 -19.94 147.83 SE55-15 South of Guthalungra 
 
Diorite? √ 
     
RH-01 LC 55 576740 7799994 -19.89 147.73 SE55-15 along Bruce Highway, old quarry Red Hill Diorite gabbro (or diorite?) √ 
     
TH-01 LC 55 694122 7629357 -21.43 148.87 SF55-8 
D.Wright property; before the creek, Northern 
track close to Peak down Highway 
Tally-Ho Igneous 
Complex 
moderately porphyritic microgranite √ 
     
AC-01 LC 55 637079 7706927 -20.73 148.32 SF55-3 
along the track beween Grant Creek and Mt 
Crompton 
Amelia Creek tonalite - - - - - - 
BIN-01 P 55 594212 7755570 -20.30 147.90 SF55-3 Mt Pleasant homestead 
Binbee quartz 
monzodiorite 
fine-grained, extensively recrystallised bt quartz diorite/gabbro 
 
√ 
  
√ 
 
BIN-02 P 55 593437 7757417 -20.28 147.89 SF55-3 
on the Hill, ~1km North of the Bogie river; Mt 
Pleasant station 
Binbee quartz 
monzodiorite 
pale greenish grey fine to medium-grained, inequigranular hb-bt quartz 
monzodiorite bearing fine-grained enclaves of similar composition of the 
rock 
 √   √  
GRA-01 P 55 636594 7699554 -20.80 148.31 SF55-3 Mt Crompton homestead, Grant creek Grant Creek 
pale greyish pink inequigranular porphyritic bt monzogranite bearing fine-
grained mafic enclaves up to 60 cm 
 
 √ √ √ √ √ 
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EUR-01 P 55 594587 7772583 -20.14 147.91 SF55-3 creek crossing Thurso road 
Euri Creek 
Granodiorite 
pale pinkish grey, medium-grained inequigranular hb-bt granodiorite with 
traces of sphene, bearing fine-grained mafic enclaves up to 50 cm 
(common 5-10 cm) 
 
√ 
  
√ 
 
LN-03 P 55 628866 7717901 -20.63 148.24 SF55-3 Sutherland 
Intrudes Lady 
Norman 
monzogranite 
 
√ 
  
√ 
 
NEV-04 P 55 586582 7784181 -20.04 147.83 SF55-3 Nevada station 
intrudes Nevada 
Granodiorite 
fine-grained, partly leucocratic, saccharoidal granite with large nodules of 
tourmaline (~10cm across) dyke  
√ 
 
√ √ 
 
LN-01 P 55 628849 7717904 -20.63 148.24 SF55-3 Sutherland Lady Norman grey, medium-grained equigranular foliated bt granodiorite (?) 
 
√ 
  
√ 
 
LN-02 P 55 628909 7717927 -20.63 148.24 SF55-3 Sutherland Lady Norman 
grey, medium-grained equigranular foliated hb granodiorite bearing 
enclaves  
√ √ √ √ √ 
MAM-01 P 55 625143 7725282 -20.57 148.20 SF55-3 Normanby station Mamelon 
grey, fine to medium-grained, uneven grained, extensively recrystallised 
with a well developed foliation hb-bt quartz monzodiorite (?) bearing 
scarse mafic enclaves up to 20cm across(common~5cm) 
 
√ 
  
√ 
 
NEV-01 P 55 586431 7784259 -20.04 147.83 SF55-3 Nevada station Nevada Granodiorite 
pale grey, medium-grainedmoderately porphyritic (K feldspar up to 2cm 
long and 1.2cm wide), inequigranular bt-hb granodiorite bearing common 
mafic enclaves up to 15cm (common~5-7cm) 
 
√ 
  
√ 
 
NEV-05 P 55 586922 7783003 -20.05 147.83 SF55-3 Nevada station Nevada Granodiorite 
pale pinkish grey, inequigranular, coarse-grained, porphyritic (K-feldspar 
up to 2cm long) bt-hb granodiorite bearing relatively scarse fine-grained 
mafic enclaves up to 30 cm (common 8cm) 
 
√ 
  
√ 
 
PIC-01 P 55 621563 7737971 -20.45 148.17 SF55-3 Pretty Bend Station Pickhandle Tonalite dark grey fine-grained inequigranular tonalite 
 
√ 
  
√ 
 
PIC-02 P 55 621828 7738177 -20.45 148.17 SF55-3 outcrop in Don river; Pretty Bend station Pickhandle Tonalite 
dark grey, equigranular, fine to medium-grained foliated hb-bt quartz 
gabbro bearing lenticular mafic enclaves up to 15cm (common 7 cm)  
√ 
  
√ 
 
SCR-01 P 55 594596 7753011 -20.32 147.91 SF55-3 
Mt Pleasant homestead, following transmission 
line. 
Scrubby top, late 
stage of the 
Thunderbolt 
buff leucocratic equigranular bt monzogranite 
 
√ 
  
√ 
 
THU-01 P 55 595618 7753126 -20.32 147.92 SF55-3 
Mt Pleasant homestead, following transmission 
line. 
Thunderbolt Granite pale pinkish grey inequigranular bt-hb monzogranite 
 
√ 
  
√ 
 
THU-02 P 55 595586 7751501 -20.33 147.92 SF55-3 
between Collinsville road and railway, close to 
Scrubby top 
Thunderbolt Granite 
pale pinkish grey, medium-grained equigranular bt-hb monzogranite, 
bearing fine to medium-grained mafic enclaves up to 50 cm  
√ 
  
√ 
 
THU-03 P 55 607864 7724460 -20.58 148.03 SF55-3 junction Normanby road and Flagstone creek Thunderbolt Granite 
pale pinkish grey medium-grained, slightly porphyritic (K-feldspar) 
inequigranular bt-hb monzogranite  
√ 
  
√ 
 
THU-04 P 55 607041 7729183 -20.53 148.03 SF55-3 along Normanby road Thunderbolt Granite 
pale pinkish grey, medium-grained, porphyritic (K-feldspar up to 2cm long) 
inequigranular bt-hb monzogranite  
√ 
  
√ 
 
NEV-06 P 55 586053 7785003 -20.03 147.82 SF55-3 outcrop in the river; Nevada station Nevada Granodiorite tonalite with numerous mafic enclaves √ 
     
PIHE-01 P 55 621553 7737953 -20.45 148.17 SF55-3 Pretty Bend Station 
Boundary between 
Pickandle tonalite 
and Hecate Granite 
biotite rich quartzo-feldspathic gneiss √ 
     
NEV-02 P 55 586457 7784271 -20.04 147.83 SF55-3 
 
Nevada Granodiorite even-grained, fine-grained felsic tourmaline muscovite dyke √ 
     
THU-05 P 55 606148 7731133 -20.52 148.02 SF55-3 along Normanby road Thunderbolt Granite 
pale pinkish grey, medium-grained, moderately porphyritic (K feldspar up 
to 3cm long), inequigranular bt-hb monzogranite 
√ 
     
NEV-03 P 55 586454 7784270 -20.04 147.83 SF55-3 Nevada station Nevada Granodiorite uneven-grained, fine-grained felsic tourmaline muscovite dyke √ 
     
TER-01 P 55 590035 7754421 -20.31 147.86 SF55-3 Mt Pleasant homestead, after Terry Creek 
Terry Creek Quartz 
Monzodiorite 
pale pinkish grey fine to medium-grained foliated monzodiorite - - - - - - 
CRO-01 P 55 644376 7704385 -20.75 148.39 SF55-3 Mt Crompton homestead, Gap creek Mount Crompton pale-grey, medium-grained equigranular foliated bt granodiorite 
 
√ 
  
√ 
 
CRO-02* P 55 645155 7701858 -20.78 148.39 SF55-3 
Mount Crompton; North East face rock; 602 m 
elevation 
Mount Crompton monzogranite 
 
√ 
  
√ 
 
BOO-01 Tr 55 621719 7776332 -20.11 148.16 SF55-3 
side of Bootooloo road before crossing the Don 
river 
Bootooloo brown to pink inequigranular porphyritic syenogranite 
 
√ 
  
√ 
 
GLO-01 Tr 55 654690 7779956 -20.07 148.48 SF55-3 NW part of Gloucester mainland Gloucester granite medium-grained bt syenogranite 
 
√ 
 
√ √ 
 
NEL-01 Tr 55 658717 7777692 -20.09 148.52 SF55-4 Nelly bay Nelly Bay granite medium-grained bt quartz monzonite or monzogranite? 
 
√ 
  
√ 
 
GLO-02 Tr 55 650657 7779663 -20.07 148.44 SF55-3 NW part of Gloucester mainland 
Passage Islet 
Granite 
pale grey medium-grained inequigranular granodiorite 
 
√ √ 
 
√ √ 
ROO-01 Tr 55 686859 7756391 -20.28 148.79 SF55-4 track going to coral beach; waterfall Rooper rhyolite flow banded rhyolite 
 
√ 
  
√ 
 
ROO-02 Tr 55 686472 7755157 -20.29 148.79 SF55-4 Shute Harbour Rooper rhyolite flow banded rhyolite 
 
√ √ 
 
√ √ 
SH-39** Tr 55 715200 7731200 -20.51 149.06 SF55-4 
 
Shaw granite 
  
√ 
 
√ √ 
 
SH-47** Tr 55 713800 7730600 -20.51 149.05 SF55-4  Shaw granite   √ √ √ √ √ 
SH-7** Tr 55 717000 7735900 -20.46 149.08 SF55-4  Shaw granite   √   √  
ROO-03 Tr 55 685514 7757886 -20.27 148.78 SF55-4 Swamp Bay 
Mount Rooper 
Rhyolite 
flow banded rhyolite √      
HEC-02 EK 55 629730 7724056 -20.58 148.24 SF55-3 SW border of the Hecate-Normanby station Hecate granite 
pale-grey, medium-grained, inequigranular bt-hb granodiorite bearing 
scarse mafic enclaves (common ~7 cm across) 
 √   √  
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HB-01 EK 55 591236 7758980 -20.26 147.87 SF55-3 3km NW of the Bogie river; Mt Pleasant station Highlander bonnet 
pale pinkish grey, medium to coarse-grained inequigranular bt-hb 
monzogranite bearing relatively scarse fine-grained mafic enclaves 
(common 5x2cm) 
 
√ √ √ √ √ 
CHR-01 EK 55 618048 7740771 -20.43 148.13 SF55-3 Pretty Bend Station Mount Christo 
pale pink leucocratic equigranular medium-grained bt monzogranite with 
traces of garnet  
√ 
  
√ 
 
PLEA-01 EK 55 594697 7758949 -20.26 147.91 SF55-3 Mt Pleasant station Mount Pleasant 
pale pinkish grey, medium-grained, slightly porphyritic, inequigranular bt-
hb monzogranite bearing relatively scarse enclaves (common ~3-5 cm)  
√ √ √ √ √ 
ROU-02 EK 55 606940 7789891 -19.98 148.02 SE55-15 South Side of Bruce Highway; Salisbury Roundback leucocratic medium-grained bt-hb granodiorite bearing mafic enclaves 
 
√ √ √ √ √ 
RIN-01 EK 55 616726 7740795 -20.43 148.12 SF55-3 Pretty Bend Station The Ring 
buff to pale brown equigranular fine-grained bt-monzogranite with mafic 
enclaves up to 10cm (common 3-5cm)  
√ 
  
√ 
 
THR-01 EK 55 589617 7776197 -20.11 147.86 SF55-3 Thurso station Thurso; Kgb/2 
pale pink medium-grained, slightly porphyritic (hb up to 1.5cm long; 0.3cm 
wide), inequigranular bt-hb monzogranite bearing fine-grained rounded 
mafic enclaves up to ~7 cm (common ~5cm) 
 
√ 
  
√ 
 
BAL-01 MK 55 707565 7687481 -20.90 149.00 SF55-4 from a large boulder in NW Ball Bay Ball Bay granite 
medium-grained bt quartz monzonite (or monzogranite?) bearing fine-
grained mafic enclaves  
√ 
  
√ 
 
BEN-01 MK 55 651703 7770797 -20.15 148.45 SF55-3 Deicke Marvin property Ben Lomond granite 
pale grey to slightly greenish bt-hb coarse-grained, uneven-grained 
monzogranite bearing 1-2cm mafic enclaves  
√ √ 
 
√ 
 
CAR-01 MK 55 603327 7791419 -19.97 147.99 SE55-15 quarry, North side of Bruce Highway Carew 
white, slightly pinkish, fine-grained equigranular highly leucocratic bearing 
roundish mafic enclaves up to 10 cm  
√ 
  
√ 
 
DRY-01 MK 55 664762 7756366 -20.28 148.58 SF55-4 on Betullo road Dryander granite gabbro 
 
√ 
  
√ 
 
DRY-02 MK 55 664744 7756992 -20.28 148.58 SF55-4 on Betullo road Dryander granite granite? 
 
√ 
  
√ 
 
HAB-1 MK 55 696838 7782932 -20.04 148.88 SF55-4 
 
Hayman granite 
  
√ √ √ √ 
 
HEC-01 MK 55 621823 7738202 -20.45 148.17 SF55-3 outcrop in Don river; Pretty Bend station 
Leucocratic 
intrusions, Hecate? 
pale pink fine-grained even-grained highly leucocratic aplite 
 
√ √ 
 
√ 
 
CHE-01 MK 55 729292 7633969 -21.38 149.21 SF55-8 9T boulder in the Quarry South of Mt Chelona 
Mount Chelona 
Granite 
Granite 
 
√ 
  
√ 
 
MAI-01 MK 55 591134 7796198 -19.93 147.87 SE55-15 side of Bruce Highway, in front of Seven Sisters Mount Maiden buff pale to orange, fine-grained, sub-equigranular, leucocratic granite 
 
√ √ 
 
√ 
 
PRI-01 MK 55 615895 7786708 -20.01 148.11 SF55-3 track before magnetic creek Mount Pring Granite fine to coarse-grained bt-granite 
 
√ √ √ √ 
 
PRI-02 MK 55 617751 7787237 -20.01 148.13 SF55-3 blasted rock on side of Bruce Highway Mount Pring Granite pale pinkish grey porphyritic bt syenogranite 
 
√ 
  
√ 
 
ROU-01 MK 55 607343 7789605 -19.99 148.03 SE55-15 South Side of Bruce Highway; Salisbury Roundback medium-grained diorite 
 
√ 
  
√ 
 
SEV-01 MK 55 592068 7794784 -19.94 147.88 SE55-15 Eastern side of Glenore road Seven Sisters fine-grained leucocratic equigranular bt granophyric granite 
 
√ 
  
√ 
 
SEV-02 MK 55 593886 7794291 -19.95 147.90 SE55-15 Top of Seven Sisters. Salisbury Seven Sisters Buff pale leucocratic equigranular, medium-grained bt monzogranite 
 
√ 
  
√ 
 
ROU-03 MK 55 605882 7789147 -19.99 148.01 SE55-15 South Side of Bruce Highway; Salisbury Mount Roundback fine-grained gabbro √ 
     
HOR-01 MK 55 632540 7789272 -19.99 148.27 SE55-15 Northern side of Rose Bay Horseshoe granite 
brown to orange, sub-equigranular, fine to generally medium-grained bt 
monzogranite, generally deeply weathered 
√ 
  
√ 
  
PV-02 MK 55 686608 7755277 -20.29 148.79 SF55-4 North part of Shute Harbour Proserpine Volcanics Ignimbrite √ 
     
FLA-01 MK 55 632664 7786556 -20.01 148.27 SF55-3 ~ 200m after the quarry at Flagstaff Flagstaff Hill brown to orange, medium-grained, equigranular syenogranite √ 
     
HOR-02 MK 55 631642 7789971 -19.98 148.26 SE55-15 
similar location than GA-GSQ database; 
Horseshoe bay 
Horseshoe granite 
brown to orange, sub-equigranular, fine to generally medium-grained bt 
monzogranite 
- - - - - - 
PV-01 MK 55 687384 7756973 -20.28 148.79 SF55-4 Eastern side of Coral bay Proserpine Volcanics welded ignimbrite - - - - - - 
BEL-02 T 55 711202 7680963 -20.96 149.03 SF55-4 Belmunda, along the beach Belmunda Obsidian obsidian 
 
√ √ 
 
√ √ 
BEL-01 T 55 711203 7681185 -20.96 149.03 SF55-4 South Part beach at Belmunda Belmunda Rhyolite columnar jointed flow-banded rhyolite 
 
√ 
  
√ 
 
CH-01 T 55 714197 7684619 -20.93 149.06 SF55-4 
 
Cape Hillsborough ignimbrite with numerous unwelded clasts 
 
√ √ 
 
√ 
 
CH-02 T 55 713404 7684709 -20.93 149.05 SF55-4 
Cape Hillsborough, close to resort and Wedge 
Island 
Cape Hillsborough obsidian 
 
√ 
  
√ 
 
JUK-01 T 55 703537 7676996 -21.00 148.96 SF55-4 boulder in property (eastern side) Jukes Granite medium-grained bt granite (quartz syenite?) 
 
√ √ 
 
√ 
 
BLA-01 T 55 701973 7673159 -21.03 148.94 SF55-8 Pioneer peaks national park Mount Blackwood 
grey medium-grained quartz monzodiorite bearing fine-grained mafic 
enclaves  
√ √ 
 
√ 
 
BLA-02 T 55 700857 7673350 -21.03 148.93 SF55-8 Pioneer peaks national park Mount Blackwood 
grey medium-grained quartz monzodiorite bearing fine-grained mafic 
enclaves  
√ √ √ √ √ 
LEA-01 T 55 709912 7668350 -21.07 149.02 SF55-8 
side of the Bruce Highway; Beginning of Leap 
station road 
The Leap glassy rhyolite   √     √   
*sample collected by P. Herrington; **sample collected by A. Ewart and stored at the QLD museum
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Appendix 5.2. Bowen-Mackay area –Map (CD) 
 
This appendix can be found in the attached CD as a layer package. 
This layer package comprises the geological map presented in Figure 5.2 including 
unit names, associated igneous events, surface area, dykes and rock samples 
collected in this study. 
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Appendix 5.3. Point counting – Bowen-Mackay area 
 Quartz Plagioclase K-
feldspar 
Myrmekite/ 
granophyric 
Biotite Hornblende Opaques Titanite Alteration Fluorite Accessories 
Early 
Carboniferous 
           
CAP-04 28.2 44.2 21.4  4.8  1.2    0.2 
CUR-02 42.4 18 35.2  1 1.6 1 0.2   0.6 
MH-01 23 55.2 10  6.6  2 1.2 2 (epidote)   
NUT-01 40 21.2 37  1.6  0.2     
Late 
Carboniferous 
           
VIO-01 37.8 25.4 22 4.4 9.2 0.6     0.6 
HECT-01 26.2 41.4 5.4 19 6.4  0.8 0.4   0.4 
BN-02 38.6 37.4 16  5.2 2.2 0.4 0.2    
Permian            
GRA-01 44.2 30.6 17.4  6.8  0.6     
LN-02 34.6 33.8 13.4  11.6 3 1 0.4 2.2   
THU-01 28.8 37.6 25.8  5.2 1.6 0.8 0.2    
Triassic            
SH47 34.2  62.6    3.2     
SH39 32 12.2 52.6  2.4  0.8 0.4    
GLO-01 41.2 16 41  0.6  1.2     
Early 
Cretaceous 
           
PLEA-01 23.6 41.6 27.8  5 0.8 0.8 0.4    
ROU-02 20.4 52.4 19.6  3.6 2.2 1.4 0.4    
HB-01 30.4 42.6 22.4  2.8 1 0.8     
Middle 
Cretaceous 
           
HAB-01 22.2 33.8 38.6  1.8 0.2 2  0.6+0.4   
PRI-01 38.4 28.2 31.6  1.4   0.2   0.2 
HOR-01 38 17.8 42.2  1.4  0.4    0.2 
Tertiary            
BLA-02 17.8 29.6 (+6.4) 15.4 15.4 3.8  3.2  7.6  0.8 
JUK-01 26.4 1.8 70  1.4  0.2   0.2  
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Appendix 5.4. Field observations – Bowen-Mackay area 
 I/E M/P* Foliation Enclaves Jointing Mag. Sus. 
(10-3SI) 
Dykes  Radiometric image Magnetic image 
Early Carboniferous          
Cape Upstart I No No Mingling Yes 11 - 22 Mafic/felsic Pinkish white to yellow; High, U, Th and K Moderate 
Mount Curlewis I No No No No 10 - 15 Felsic White; High, U, Th and K High 
Middle Hill I No No No N160-
175/70-80W 
7 - 12 No Reddish purple; Low to Medium U, Th and K High 
Mount Nutt I No No Yes No 1 - 2 Mafic Yellow-orange to green; Low U, Medium Th and K High 
Nobbies lookout I Yes No No No 2 - 4 No White; High, U, Th and K Low 
Moosie Hill I       Dark; Low U, Th and K Low to High 
Queens beach I       Pink; high K; low U and Th High 
Campwynn Volcanics1 E No No No No <1 Swarm of mafic dykes Dark, blue and pink in areas Moderate 
Edgecumbe Beds2 E      Mafic dykes Dark, blue and pink in areas; a large are is not covered 
by airborne radiometric 
Low 
Mount Cavana Beds3 E  Yes     Pink; high K; low U and Th Low 
Late Carboniferous          
Amelia Creek tonalite I No In places Yes No 5 - 11 Mafic Purple to blue; Low to Medium U, Th and K Moderate to High 
Ward Creek 
granodiorite 
I No No Yes No 12 - 17 Mafic N110/78N Purple to pink; Medium Th, Low to Medium U and K Low 
Viola Creek 
granodiorite 
I No N82/30E Numerous No 14 - 38 Felsic N180-190 
subvertical 
Yellow to white, High Th, K and Medium U Moderate to High 
Milwarra quartz diorite I No No No No 6 -16 No Dark green; Low U, Th and K Low to High 
Tommy Roundback 
granodiorite 
I No No Yes No 7 - 12 No Purple; Low to Medium K and Th, Low U Moderate to High 
Birds Nest granodiorite I No In places Yes No 8 - 16 Mafic N105 vertical Pink to purple; Medium U, Th and K High 
Mount Hector granite I No No Common No 15 - 21 No Purple; Low to Medium U, Th and K Low to High 
Mount Crompton 
granodiorite 
I No N130/60NW Common No 0.2-0.4 Mafic N174/45NE Variable, Yellow, green, white; High Th and K, Low U. 
Very low U, Th and K in areas 
Low 
Yarravale Creek 
granite1 
I No No No No 0-25 Felsic Pink; Moderate K, low U and Th Low 
Mount Spencer 
granodiorite1 
I No No Common No 2 - 24 Mafic Purple; Low to Medium K and Th, Low U High 
Johnstone Creek 
Igneous Complex1 
I No Yes No No 0 - 30 Mafic/felsic Pink; Moderate K, low U and Th Low to Moderate 
Mia Mia Igneous 
Complex1 
I No Yes No No 0 - 18 felsic Pink; Moderate K, low U and Th Low to Moderate 
Tally Ho Igneous 
Complex1 
I No No Rare No 1 - 10 Mafic/felsic Pinkish white to yellow; High, U, Th and K Low 
Mount Shields 
granodiorite1 
I No No No No 0-0.4 Mafic Pink; Moderate K, low U and Th Low 
Red Hill diorite I No Yes No No 2 - 7 No Black to blue-green; Low U, Th and K to Low K and 
moderate Th and U 
Low 
Uruba granite1 I No In places No No 0 - 8 Mafic/felsic Pink; Moderate K, low U and Th Moderate to High 
Gargett granite1 I No No Yes No 0 - 22 Mafic/felsic Pinkish white; High, U, Th and K Low to Moderate 
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 I/E M/P* Foliation Enclaves Jointing Mag. Sus. 
(10-3SI) 
Dykes  Radiometric image Magnetic image 
Late Carboniferous (Continued) 
Teemburra Igneous 
Complex1 
I No No Yes No 0 - 25 Mafic/felsic Variable; in majority pink but yellow and blue in places Moderate to High 
Screaming Creek 
gabbro 
I No No No No 20 - 130 No Dark to pink; Moderate K and Low U and Th High 
          
Finch Hatton granite1 I Yes No Sparse No 0.1 - 2.5 Mafic/felsic Variable; in majority pink but yellow and black in places Low to Moderate 
Doraville granodiorite1 I No In places Common No 3 - 9 No Pink; Moderate K, low U and Th Low 
Turn Back granite I       Pinkish white to yellow; High, U, Th and K Low to Moderate 
Teatree Creek gabbro3 I  Yes     Black; low U, Th and K Low to Moderate 
Mount Mackenzie 
granite 
I       Yellow to pinkish white Low to High 
Green Top granite I       White; high U, Th and K Low 
Glenore Road quartz 
diorite 
I No No Yes No 16 - 31 No Green; Low K, moderate U and high K Moderate to High 
Bootooloo gabbro I       Black; low U, Th and K Low to High 
Mount Little I       Black but green and purple in places; low U, Th and K Low to High 
C-Pd        Green; Low K, moderate U and high K Moderate 
Palms lookout 
granodiorite1 
I No No Numerous No 2 - 29 Mafic/felsic Black but yellow in some places; low U, Th and K Low to High 
Bluegrass Creek granite I       - - 
Connors Volcanic 
Group 
E       Variable; Black to Pink and pinkish white Low to Moderate 
Leura Volcanics1 E No No No No 0 - 20 Mafic Pinkish white to yellow; High, U, Th and K Low 
Bulgonunna Volcanics E       - - 
Permian          
Lady Norman 
granodiorite 
I No Yes common No 17 - 35 Mafic N170-180 
subvertical/felsic 
N150/54W 
Purple to pink; Medium U, Th and K Low 
Grant Creek I No No Yes No 10 - 18 Felsic N80-100 
subvertical 
Yellowish white; High, U, Th and K Low 
Thunderbolt granite I No No Yes No 8 - 30 Felsic N180 subvertical Yellowish white; High, U, Th and K High 
Nevada granodiorite I Yes 
(boulders) 
No Yes No 17 - 27 Mafic N90 
vertical/Felsic N35; 
N145; N60-75 and 
N100-110 vertical 
Blue; High Th and U, Medium (NEV-01-02-03-04) to 
High K (NEV-05). 
High 
Euri Creek granodiorite I No No common No 17 - 36 Mafic N160 vertical Medium to High K and Th, Medium U Low to High 
Whitehorse granite1 I No No rare No 0.1 - 7 Mafic Pinkish white to yellow; High, U, Th and K Low to Moderate 
Adaluma Tonalite3 I  Yes common    Pink to green; Low Th, Moderate K and high U Moderate 
Scrubby Top granite I Yes No No No 1 - 4 No White; high U, Th and K Moderate to High 
Beckford granodiorite3 I  Yes     Pink; Moderate K, low U and Th Low to Moderate 
Binbee Quartz 
monzodiorite 
I No Yes Yes No 15 - 39 Mafic N150 
subvertical/Felsic N110 
subvertical 
Blue; High Th, moderate U and K Low 
Alick Creek tonalite I       Pink; Moderate K, low U and Th Low 
Key Creek Gneiss I       Blue; High Th, moderate U and K Low 
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 I/E M/P* Foliation Enclaves Jointing Mag. Sus. 
(10-3SI) 
Dykes  Radiometric image Magnetic image 
Permian (Continued)          
Dartmoor granodiorite3 I   sparse    Pink; Moderate K, low U and Th Low to Moderate 
Dingo diorite I       - - 
East Creek tonalite I       Pink; Moderate K, low U and Th High 
Ernest Creek 
granodiorite3 
I  Strong 
 
numerous    Pinkish white to yellow; High, U, Th and K Low to Moderate 
Salitros granite3 I   yes    Yellow Low 
Pla Creek granodiorite I       Pink; Moderate K, low U and Th Moderate to High 
Mamelon quartz 
monzodiorite 
I No Variable; 
N90/41SE; 
N50/33SE; 
N155/16SE 
common 2 directions: 
N121/76°S; 
N112/70°S; 
N100/87°S; 
AND 
N40/82°ESE; 
N55/76°W; 
N34/88°E 
22 -40 Mafic N158/70°NE Pink to purple; Low to Medium U, Th and K Low 
Massey granite I       Pinkish white; High, U, Th and K Low 
Molongle Creek 
granite3 
I      Mafic/felsic Pinkish white to yellow; High, U, Th and K High 
Springlands Gabbro3 I  Weak in 
places 
    Dark Pink to purple; Low to Medium U, Th and K Low to High 
Mount Cauley granite I       Variable; Pink to white Moderate 
Pgd-8556 I       Dark Pink to purple; Low to Medium U, Th and K Low to High 
Pg/d-NCON I       Variable; Black to green High 
Pg-8556 I       Dark Pink to purple; Low to Medium U, Th and K Low to High 
Glen Alpine granite I       Pinkish white to yellow; High, U, Th and K Moderate 
Fence Creek 
granodiorite3 
I yes  numerous    Blue, green to white High 
CPg/w1-NCON I       White; High, U, Th and K Moderate 
CPg-QLD I       Pinkish white; High, U, Th and K Moderate to High 
CPd-NCON I       Green to Blue High 
Humbug Creek granite3 I  Yes     Pink; Moderate K, low U and Th Low 
Pickhandle Tonalite I No N90(dip 
orientation), 
49°W 
No No 32 - 52 Mafic N170 to N190, 
subvertical; 
N170/79°W; 
N184/75°W 
Black; Low U, Th and K Low to High 
Pisgah Igneous 
Complex1 
I No No common No 0 - 25 Mafic/felsic Pink; Moderate K, low U and Th Low to Moderate 
Shannon Vale Gabbro I       Dark Pink to purple; Low to Medium U, Th and K Low to High 
Starvation Creek 
Complex 
I       Variable; Pink, white and green Moderate to High 
Sundown Creek Diorite I       Variable; purple to green in areas Moderate to High 
The Three Brothers 
Gabbro 
I       Dark purple; low U, Th and moderate K Low to High 
Turn Back Granite3 I   Yes    Pinkish white to yellow; High, U, Th and K Moderate 
Carmila Beds E       Variable; dominantly black, blue in places Low to High 
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 I/E M/P* Foliation Enclaves Jointing Mag. Sus. 
(10-3SI) 
Dykes  Radiometric image Magnetic image 
Permian (Continued)          
Karungle Volcanics E       Variable; pink to green and white High 
Lizzie Creek volcanics E       Variable; dominantly black, blue in places Low to High 
Airlie Volcanics E       - - 
Mount Aberdeen 
Volcanics 
E       Variable; pink to green and white Low 
Triassic          
Shaw granite I No No No No 0.03 – 0.06  - - 
Knight granite I       - - 
Passage Islet granite I No No No Yes 9 - 17 Felsic - - 
Gloucester granite I No No No Yes 0.4 – 0.9 No - - 
Mount Luce I       Black; Low U, Th and K High 
Kg/2; Bootooloo road 
Volcanics 
E No No No No 0.3 – 0.6 No Pink; Medium K, Low to Medium, U and Th Low 
Mount Rooper Rhyolite E No No No No  Mafic - - 
Early Cretaceous          
Mount Pleasant I No No Scarse No 15 - 20 No Pink; High K, Medium to High Th, Medium U  
Mount Roundback 
granodiorite 
I No No Yes No 17 - 27 Mafic N40 
subvertical/Felsic N170 
subvertical 
Pink; High K, Medium, U and Th; Artefact in this area  
Highlanders Bonnet 
granodiorite 
I No No Scarse No 12 - 20 Felsic block Yellow; High K and Th, Low to Medium U Moderate 
Hecate granite I No No Scarse No 23 - 35 Mafic boulder boundary white and pink; High U, Th and K Low to High 
The Ring I No No Numerous No 0.3 – 0.5 No Yellow to white; High K, Th and Medium to High U Low to High 
Hayman granite I No No Mingling No 9 - 17 Mafic - - 
Mount Beatrice I       Variable; pink to green and white Moderate to High 
Mount Catherine I       Variable; pink to blue Moderate 
Wundaru granodiorite1 I No No No No 5 - 27 Mafic/felsic Reddish purple; Low to Medium U, Th and K High 
Kgb/2; Thurso granite I No No Yes No 16 - 29 No Pinkish white; High U, Th and K Moderate 
Morugo granite1 I No In places Yes No 1 - 50 Mafic/felsic; rare Variable; dominantly black, pink and green  in places Low to High 
Kg-YARROL/SCAG I       Variable; blue to pink Low to High 
Ben Mohr Igneous 
Complex1 
I No No No No 1 - 37 No Variable; black to white Low to High 
Terry Creek quartz 
monzodiorite 
I  N60/45SE Yes No 20 - 55 Mafic N180-190, 
subvertical; N80, 
subvertical/ Felsic 
N175, subvertical 
Purple and blue in places; moderate U, Th and K High 
Summer Hill gabbro I       Black to green in areas Low to High 
Seventy Creek granite I       Pink; High K, Medium to High Th, Medium U Low 
Selina Creek 
granodiorite 
I       Purple; moderate U, Th and K Low to Moderate 
Pretty Bend quartz 
monzodiorite2 
I  Yes     Variable; black to white Low to High 
Monte Christo granite I Yes No No No 5 - 7 No White; High H, Th and K Low 
Kgd/z-8557 I       Pink; High K, Medium to High Th, Medium U Low 
Kg/b1-NCON I       White to pink Moderate 
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 I/E M/P* Foliation Enclaves Jointing Mag. Sus. 
(10-3SI) 
Dykes  Radiometric image Magnetic image 
Early Cretaceous (Continued)         
Elliot River 
granodiorite3 
I   Yes   Mafic Variable; Pink, black and green Low 
Devlins Pocket  quartz 
diorite3 
I   Yes    Black to purple Moderate 
Kg/7-8557 I       Variable; Blue to Pink Moderate 
Flat Top diorite I       Orange Low 
Kg/d-YARROL/SCAG I       Variable; purple to blue Low to High 
Kg?-YARROL/SCAG I       Variable; Black to blue Low to High 
Mount Basset Dolerite1 I No No No No 3 - 40 Mafic Purple; moderate U, Th and K High 
Mount Chelona granite I No No Scarse No 0.5 – 1.9 No Blue; High Th, low to moderate U and K High 
Munbura diorite1 I No No No No 10 - 32 No Black to purple Low 
Round Top granite1 I No No No No  No Pinkish white; High Th, U and K Low 
Swayneville granite1 I No No Yes No  Mafic/felsic Variable; Purple to Green Moderate to high 
Eungella I       Variable; black to white Low to High 
Mount Tooth 
Cretaceous 
I       Variable; Green to purple High 
Mount Gotthard Range I       - - 
Seven Sisters I Yes No No No 10 - 88 No Pink to purple; High K, Medium, U and Th High 
Mount Maiden I No No No No 5 - 11 No Purple to pink; High K, Low to Medium, U and Th Low 
Middle Cretaceous          
Horseshoe granite I Yes No No No 1 - 3 No White; High U, Th and K Moderate 
Mount Pring granite I Yes No Scarse No 0.1 - 0.6 No White; High U, Th and K Low 
Flagstaff Hill I No No No No 2 - 3 No Whitish-pink; High K, Medium, U and Th High 
Mt Abbott granite I       Pink; High K, Medium to High Th, Medium U High 
Ben Lomond granite I No No Yes No 11 - 24 No - - 
Mount Carew I No No Yes In places 0.4 - 4 Mafic White; high U, Th and K Moderate 
Dryander granite I No No No No 20 - 43 No - - 
Mount Bridgeman 
granodiorite1 
I No No Yes No 1.6 - 13 No White; high U, Th and K Low to High 
Halliday Bay granite I No No No No 8 - 17 No Pinkish white; High Th, U and K Moderate to High 
Proserpine Volcanics E No No No No  Mafic - - 
Whitsundays Volcanics E No No No No 0.02 - 5 Mafic/Felsic - - 
Tertiary          
Mount Blackwood I No No Yes No 4 – 20 No Pink; Medium K, Th and U Low to High 
Belmunda obsidian I No No No No 0.05 – 0.09 No pinkish white; Medium K, Medium to High Th and U Moderate 
Mount Jukes I No No No No 0.4 - 1 No Variable; White, pink to purple High 
Neilson leucogabbro I       Variable; White, pink to purple High 
Seaforth microgranite I       Variable; White, pink to purple High 
Tir-YARROL/SCAG I       Variable; White, pink to purple Low to Moderate 
Cape Hillsborough 
Beds 
E No No No No 0.03 – 0.3 No Pink; High K, Medium to High Th, Medium U Low to Moderate 
The Leap E No No No No 0.03 – 0.1 No Variable; white, yellow to purple Low to Moderate 
Belmunda flow banded 
rhyolite 
E No No No No 1.9 -2.8 No pinkish white; Medium K, Medium to High Th and U Moderate 
Th E       Variable; Purple, blue to white Moderate 
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 I/E M/P* Foliation Enclaves Jointing Mag. Sus. 
(10-3SI) 
Dykes  Radiometric image Magnetic image 
Tertiary (Continued)          
Tv-St Lawrence-
YARROL/SCAG 
E       Variable; Purple, blue to white Low 
Tb-QLD        Variable; Dark purple to yellow Low to moderate 
Mount Tooth Tertiary E       Variable; Green to purple High 
Pinnacle rocks E       Pink; High K, Medium to High Th, Medium U Moderate 
Newry Islands E       Blue; High Th, low to moderate U and K Moderate 
*M/P: Miarolitic or Pegmatitic patches 
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Appendix 5.5. Thin section description – Bowen-Mackay area (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
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Appendix 5.6. Major and trace element data – Bowen-Mackay area 
SAMPLE BEL-01 BEL-02 CH-01 CH-02 LEA-01 BLA-01 BLA-02 JUK-01 HAB-1 DRY-01 DRY-02 BAL-01 SEV-01 SEV-02 
Age T T T T T T T T MK MK MK MK MK MK 
Major elements (wt%) 
SiO2 76.8 73.0 68.6 69.4 72.8 64.2 60.7 73.3 72.8 62.0 63.2 69.6 74.9 75.1 
TiO2 0.16 0.10 0.23 0.18 0.12 0.78 0.98 0.11 0.33 1.14 0.79 0.34 0.22 0.22 
Al2O3 11.8 10.6 12.9 13.4 11.3 15.7 15.4 13.3 13.8 16.0 16.6 14.7 12.8 12.8 
Fe2O3 1.36 2.07 2.23 2.64 1.95 4.97 6.04 2.03 2.60 5.97 5.66 3.28 2.74 2.70 
MnO 0.01 0.03 0.03 0.05 0.03 0.12 0.14 0.08 0.06 0.13 0.16 0.09 0.11 0.07 
MgO 0.02 bdl 0.42 0.11 bdl 0.78 1.19 0.02 0.20 1.85 0.71 0.63 0.15 0.14 
CaO 0.04 0.23 0.48 0.41 0.44 2.32 3.19 0.46 0.55 4.00 2.20 1.62 1.12 1.03 
Na2O 3.66 4.30 3.42 3.84 3.99 4.59 3.81 4.57 5.51 5.06 6.62 5.20 5.22 4.86 
K2O 5.12 4.14 4.38 5.44 3.69 5.16 4.37 5.04 3.23 2.51 3.12 3.13 2.18 2.48 
P2O5 bdl bdl 0.05 0.01 bdl 0.21 0.30 0.01 0.06 0.34 0.19 0.13 0.03 0.03 
Raw total 99.37 99.41 99.30 99..33 99.90 99.61 99.07 99.44 99.55 99.92 99.47 99.56 99.61 99.68 
LOI 0.45 4.94 6.61 3.85 5.58 0.83 3.00 0.57 0.46 0.92 0.27 0.89 0.19 0.30 
Trace elements (ppm) 
Li 11.7 44.4 3.5 14.5 41.3 9.4 10.4 4.0 7.5 22.8 6.7 23.3 6.0 4.0 
Be 3.09 8.93 9.41 7.09 8.17 3.94 3.39 14.87 2.51 2.42 1.98 4.04 1.48 1.60 
Sc 0.53 1.20 2.87 0.80 1.08 7.84 9.45 1.67 5.83 13.12 13.58 3.40 12.14 8.08 
V 0.13 0.10 14.29 0.30 0.25 15.40 21.21 0.18 8.20 76.94 10.40 15.83 0.97 2.13 
Cr 2.54 2.63 15.81 2.03 2.49 4.68 2.38 2.05 3.37 17.67 12.22 2.60 2.09 0.78 
Co 0.15 0.09 1.09 0.31 0.09 3.17 4.06 0.15 1.81 11.95 3.03 4.09 0.58 0.60 
Ni 1.21 1.31 10.06 1.01 1.24 2.15 1.31 1.03 1.76 13.05 5.49 1.94 1.03 0.45 
Cu 5.19 5.79 5.47 2.78 4.66 1.99 4.21 0.70 9.97 30.30 4.97 3.95 1.07 0.99 
Zn 147.65 179.09 171.55 195.95 155.38 95.78 111.82 144.02 45.80 75.76 99.56 67.92 75.99 69.45 
Ga 30.49 29.86 31.94 32.00 28.26 23.97 23.52 29.81 18.85 19.49 21.36 22.00 16.54 16.73 
As 0.49 5.28 2.97 8.50 4.23 1.93 1.42 0.82 0.62 0.58 1.37 0.83 0.27 0.12 
Rb 169.7 194.4 245.0 154.2 178.1 94.2 65.0 148.9 84.1 65.3 49.5 85.9 34.3 69.4 
Sr 2.68 7.08 52.79 2.68 193.98 381.31 392.52 10.13 58.84 297.45 205.18 195.91 97.60 103.93 
Y 70.3 81.2 70.0 61.4 62.5 34.3 33.9 74.2 47.3 39.7 40.8 36.2 42.0 21.9 
Zr 750.8 619.9 398.4 735.3 703.4 610.2 520.2 427.7 433.8 428.2 601.2 329.8 295.8 273.1 
Nb 89.2 105.9 150.4 115.8 96.8 56.8 57.2 139.6 15.1 19.5 23.7 18.7 6.3 5.8 
Mo 0.46 5.16 1.54 6.18 3.81 4.05 3.67 4.65 3.33 2.16 3.15 2.37 0.88 1.00 
Cd 0.04 0.31 0.10 0.23 0.35 0.17 0.14 0.05 0.04 0.12 0.20 0.04 0.14 0.04 
In 0.16 0.14 0.08 0.13 0.13 0.09 0.10 0.12 0.11 0.07 0.10 0.06 0.12 0.08 
Sn 6.29 8.61 7.74 6.38 6.35 2.72 2.04 4.70 3.91 1.97 2.00 2.04 1.13 1.54 
Sb 0.33 0.86 0.54 0.70 0.58 0.12 0.22 0.65 0.14 0.05 0.07 0.26 0.03 0.01 
Cs 0.71 6.66 5.40 4.36 59.15 1.21 0.55 2.59 0.83 1.73 1.36 2.25 0.25 0.66 
Ba 18.06 7.33 72.53 4.97 107.86 594.75 552.43 21.90 422.71 410.02 563.22 429.26 509.78 596.91 
La 144.13 45.19 27.94 97.48 73.85 53.77 48.98 73.64 29.95 32.44 32.22 30.16 32.89 25.38 
Ce 176.00 106.86 68.90 205.24 148.49 114.96 106.09 160.98 72.19 71.82 69.81 65.35 69.70 61.61 
Pr 30.95 13.78 9.30 24.48 19.06 13.92 13.00 19.45 9.24 8.98 9.04 7.75 8.85 6.86 
Nd 113.74 53.38 37.08 89.24 70.18 51.99 50.55 72.49 35.97 35.67 36.21 29.25 35.38 26.17 
Sm 19.51 14.52 11.14 16.58 15.99 9.75 9.64 15.09 8.03 7.67 7.76 6.33 7.82 5.25 
Eu 0.16 0.08 0.40 0.40 0.08 2.29 2.71 0.38 0.95 1.96 2.54 1.10 1.64 1.52 
Gd 16.81 14.87 12.17 13.74 14.22 7.96 8.18 13.68 7.52 7.38 7.51 6.01 7.75 4.61 
Tb 2.52 2.60 2.15 2.17 2.29 1.23 1.24 2.31 1.33 1.19 1.19 1.02 1.26 0.73 
Dy 13.90 15.61 13.15 12.43 13.01 6.90 6.88 13.84 8.35 7.13 7.18 6.34 7.90 4.44 
Ho 2.71 3.12 2.59 2.43 2.49 1.36 1.34 2.77 1.84 1.52 1.53 1.36 1.69 0.90 
Er 7.19 8.44 7.03 6.47 6.68 3.70 3.59 7.53 5.50 4.33 4.34 3.97 4.73 2.58 
Tm 1.02 1.23 1.03 0.94 0.98 0.54 0.51 1.11 0.89 0.65 0.65 0.62 0.70 0.39 
Yb 6.49 7.44 6.11 5.74 6.00 3.38 3.21 6.88 5.95 4.23 4.23 4.06 4.41 2.46 
Lu 0.91 1.01 0.79 0.78 0.82 0.49 0.46 0.91 0.92 0.64 0.65 0.61 0.66 0.37 
Hf 19.46 19.68 14.62 19.63 19.47 13.96 12.09 16.51 10.87 9.28 10.80 8.26 7.47 6.88 
Ta 6.14 7.42 10.10 7.24 6.36 3.58 3.47 11.48 1.01 1.26 1.25 1.43 0.24 0.22 
W 1.32 4.17 3.47 2.52 2.04 1.00 0.85 1.22 0.39 0.50 0.47 0.38 0.12 0.19 
Tl 0.56 0.69 0.94 0.64 0.77 0.24 0.16 0.25 0.32 0.30 0.15 0.47 0.17 0.36 
Pb 10.08 24.72 19.77 20.39 19.55 9.67 8.05 8.36 11.11 10.94 9.32 12.77 21.21 11.49 
Bi 0.20 0.37 0.26 0.13 0.20 0.02 0.02 0.03 0.06 0.02 0.02 0.02 0.02 0.02 
Th 19.00 20.76 18.64 16.02 18.56 7.84 6.76 16.16 8.54 6.49 4.48 9.19 3.59 5.48 
U 4.26 6.33 5.69 4.36 5.15 2.20 1.89 5.31 2.53 1.63 1.08 2.65 1.19 1.00 
Nb/Ta 14.51 14.27 14.89 16.01 15.23 15.85 16.50 12.16 14.89 15.43 18.94 13.04 26.21 26.73 
Zr/Hf 38.73 31.49 27.26 37.47 36.12 43.71 43.22 25.69 40.11 46.24 55.65 40.13 39.62 39.71 
Y/Ho 25.91 26.05 27.07 25.22 25.14 25.26 25.24 26.82 25.75 26.19 26.71 26.56 24.90 24.26 
Eu* 0.03 0.02 0.10 0.08 0.02 0.80 0.93 0.08 0.37 0.79 1.02 0.55 0.64 0.94 
T(°C) 944 903 884 935 933 877 860 869 876 832 872 840 838 835 
Heat 
Production 
(µWm-3) 
2.84 3.41 3.13 2.71 2.92 1.57 1.36 2.91 1.52 1.08 0.87 1.58 0.75 0.86 
MALI 8.84 8.69 7.90 9.29 7.68 7.52 5.19 9.25 8.27 3.61 7.60 6.80 6.32 6.35 
ASI 1.01 0.90 1.20 1.07 1.03 1.04 1.13 0.99 1.06 1.12 1.03 1.10 1.07 1.10 
Data presented in the table are not normalised. 
Only calculated values use major elements normalised on anhydrous basis (e.g., MALI) 
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SAMPLE MAI-01 BEN-01 CHE-01 PRI-01 PRI-02 HEC-01 CAR-01 RIN-01 CHR-01 ROU-01 ROU-02 HB-01 THR-01 
  MK MK MK MK MK MK MK EK EK EK EK EK EK 
Major elements (wt%) 
SiO2 75.5 70.3 68.7 76.7 73.7 77.0 76.4 75.3 75.6 56.1 69.9 70.7 69.7 
TiO2 0.20 0.29 0.27 0.05 0.24 0.07 0.04 0.15 0.04 1.04 0.45 0.41 0.47 
Al2O3 12.5 14.7 14.9 12.5 13.4 12.8 13.1 13.4 12.6 16.5 15.0 14.7 14.7 
Fe2O3 2.34 2.81 2.20 0.80 1.82 0.57 0.64 1.17 0.70 8.41 2.67 2.43 2.63 
MnO 0.08 0.07 0.07 0.04 0.05 0.02 0.04 0.06 0.06 0.13 0.07 0.06 0.06 
MgO 0.07 0.41 0.67 
 
0.41 0.01 0.03 0.25 bdl 4.37 0.78 0.85 0.78 
CaO 0.90 1.68 2.26 0.25 1.50 0.93 0.71 1.01 0.14 7.66 2.21 2.19 2.18 
Na2O 5.09 4.68 4.37 4.26 3.78 4.28 3.70 4.34 2.82 3.26 5.16 4.76 3.93 
K2O 2.32 3.68 3.15 4.47 4.04 3.53 5.10 3.49 6.92 1.10 2.69 2.99 4.29 
P2O5 0.02 0.08 0.10  0.06 0.01 0.01 0.04 0.01 0.23 0.14 0.11 0.12 
Raw total 99.13 99.25 99.38 99.33 99.41 99.30 99.99 99.51 99.05 99.20 99.49 99.67 99.50 
LOI 0.16 0.55 2.74 0.26 0.41 0.13 0.22 0.35 0.16 0.40 0.42 0.47 0.64 
Trace elements (ppm) 
Li 3.4 16.4 16.3 51.0 34.0 5.8 9.6 13.0 0.9 10.8 25.5 27.3 21.9 
Be 1.29 3.22 1.73 7.70 3.71 2.62 0.99 1.82 1.48 0.91 2.52 2.14 1.99 
Sc 11.08 4.49 4.24 2.51 3.39 2.06 1.86 2.84 2.07 24.57 4.52 4.22 5.60 
V 0.55 12.27 27.68 0.16 14.93 1.52 4.71 7.97 0.88 181.69 26.19 35.43 32.67 
Cr 0.34 4.76 3.52 0.84 2.60 1.86 4.09 2.36 3.27 69.23 3.28 8.05 4.63 
Co 0.37 3.51 3.50 0.14 2.23 0.21 0.31 1.39 0.29 24.56 4.04 4.74 3.44 
Ni 0.23 2.59 2.44 0.39 1.69 0.90 1.95 1.47 1.56 29.36 3.02 6.83 2.70 
Cu 2.13 2.92 3.62 0.54 15.91 0.65 4.84 0.75 1.97 43.08 1.94 8.81 15.19 
Zn 68.50 53.15 38.95 22.15 32.44 4.87 4.25 31.75 6.69 77.78 43.96 44.36 25.77 
Ga 16.18 17.99 15.41 26.03 17.01 15.37 14.21 14.42 14.37 17.03 18.51 16.92 15.54 
As 0.32 0.70 0.37 0.23 0.45 0.58 0.50 0.68 0.58 1.66 0.46 0.27 0.56 
Rb 43.1 97.8 116.0 398.5 149.3 164.8 118.7 104.3 193.3 39.7 54.2 82.3 181.3 
Sr 87.22 156.77 321.62 1.99 181.45 5.56 16.14 158.84 15.68 399.60 280.71 263.25 268.23 
Y 40.8 26.8 12.7 78.8 21.0 7.1 9.2 14.4 32.8 23.4 20.7 12.0 22.3 
Zr 283.8 228.4 155.0 105.6 144.5 88.0 36.9 69.6 59.8 128.7 256.7 194.3 276.7 
Nb 4.6 10.0 8.4 73.4 15.6 10.3 5.3 6.9 4.0 4.3 11.6 8.9 9.6 
Mo 0.75 0.00 0.22 1.65 0.64 0.13 0.43 0.12 0.17 0.74 0.42 0.68 0.85 
Cd 0.06 0.46 0.01 0.00 0.01 0.01 0.02 0.02 0.01 0.13 0.02 0.11 0.05 
In 0.09 0.02 0.02 0.02 0.03 0.00 0.00 0.02 0.01 0.06 0.03 0.03 0.02 
Sn 0.90 2.09 0.98 3.91 6.25 0.26 0.12 1.28 0.69 0.92 1.17 1.27 2.07 
Sb 0.01 0.19 0.47 0.02 0.02 0.12 0.04 0.11 0.06 0.32 0.03 0.06 0.08 
Cs 0.21 1.94 3.26 6.33 4.53 2.76 0.98 3.01 1.85 2.68 1.40 1.76 6.26 
Ba 516.38 481.46 745.99 3.46 391.81 5.57 7.32 670.14 58.53 213.38 471.10 467.96 790.75 
La 23.86 31.62 24.51 13.08 33.97 16.41 7.68 22.30 7.64 15.08 31.30 24.95 36.62 
Ce 55.75 62.88 47.98 30.97 66.24 25.97 16.80 43.72 16.77 33.68 64.68 48.42 76.75 
Pr 7.34 7.05 5.42 3.69 7.17 2.18 2.09 4.69 1.97 4.41 7.52 5.29 8.88 
Nd 30.44 24.90 19.00 12.83 23.92 6.22 7.87 15.11 6.87 18.75 26.95 18.24 31.61 
Sm 7.31 4.76 3.49 3.66 4.43 1.02 1.97 2.77 2.00 4.35 4.97 3.26 5.68 
Eu 1.52 0.99 0.91 0.03 0.60 0.09 0.22 0.51 0.05 1.16 1.33 0.82 1.16 
Gd 7.45 4.37 2.72 5.16 3.72 0.90 1.64 2.32 2.72 4.41 4.15 2.64 4.57 
Tb 1.26 0.73 0.40 1.16 0.60 0.14 0.24 0.39 0.62 0.71 0.64 0.40 0.70 
Dy 7.87 4.45 2.27 8.78 3.61 0.90 1.44 2.39 4.64 4.26 3.70 2.22 4.00 
Ho 1.66 0.95 0.46 2.07 0.76 0.22 0.29 0.51 1.12 0.90 0.77 0.45 0.82 
Er 4.69 2.84 1.34 6.70 2.20 0.77 0.85 1.46 3.46 2.54 2.20 1.28 2.40 
Tm 0.70 0.45 0.21 1.21 0.36 0.16 0.14 0.24 0.57 0.38 0.34 0.20 0.37 
Yb 4.37 3.08 1.43 8.45 2.37 1.35 0.97 1.54 3.80 2.43 2.27 1.31 2.38 
Lu 0.64 0.47 0.22 1.26 0.35 0.26 0.15 0.23 0.57 0.36 0.34 0.20 0.36 
Hf 7.08 5.69 4.09 7.39 4.31 4.48 2.19 2.30 2.66 3.37 5.99 4.65 7.10 
Ta 0.18 0.94 0.54 9.42 1.72 0.92 0.99 0.69 0.56 0.30 0.79 0.72 0.75 
W 0.05 0.21 0.13 0.98 4.95 0.25 0.06 0.13 0.07 0.65 0.17 0.42 0.83 
Tl 0.16 0.40 0.42 1.63 0.81 0.63 0.52 0.51 0.85 0.20 0.25 0.40 0.82 
Pb 9.46 34.40 11.99 25.96 14.05 24.35 34.85 24.81 47.62 11.09 9.12 16.02 14.38 
Bi 0.00 0.01 0.03 0.02 0.04 0.02 0.01 0.03 0.01 0.07 0.03 0.13 0.09 
Th 4.42 10.27 18.23 39.44 16.77 37.50 8.54 10.57 11.62 4.91 7.08 8.62 16.40 
U 1.30 2.40 3.60 11.65 3.85 6.75 4.65 1.50 3.64 1.07 1.02 1.25 3.00 
Nb/Ta 26.04 10.62 15.52 7.79 9.03 11.17 5.41 9.97 7.02 14.40 14.64 12.37 12.85 
Zr/Hf 40.08 40.17 38.09 14.30 33.49 19.56 16.96 30.33 22.51 38.45 42.78 41.50 38.87 
Y/Ho 24.51 28.04 27.34 37.97 27.73 31.71 31.51 28.25 29.28 25.91 26.80 26.80 27.19 
Eu* 0.63 0.66 0.90 0.02 0.45 0.30 0.37 0.62 0.07 0.81 0.89 0.86 0.70 
T(°C) 837 809 776 753 775 739 673 721 708 705 815 792 823 
Heat 
Production 
(µWm-3) 
0.84 1.65 2.44 6.03 2.48 4.57 2.22 1.42 2.35 0.71 0.99 1.18 2.27 
MALI 6.58 6.77 5.44 8.56 6.38 6.94 8.11 6.88 9.71 -3.34 5.69 5.60 6.11 
ASI 1.07 1.12 1.18 1.04 1.13 1.09 1.07 1.13 1.03 1.25 1.13 1.14 1.14 
Data presented in the table are not normalised. 
Only calculated values use major elements normalised on anhydrous basis (e.g., MALI) 
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SAMPLE 
HEC-
02 
PLEA-
01 
ROO-01 ROO-02 SH-7 SH-39 SH-47 BOO-01 GLO-01 GLO-02 NEL-01 BIN-01 BIN-02 SCR-01 
  EK EK Tr Tr Tr Tr Tr Tr Tr Tr Tr P P P 
Major elements (wt%) 
SiO2 67.2 71.0 76.0 78.1 76.4 75.9 75.8 70.6 75.3 67.0 74.2 54.1 65.6 77.1 
TiO2 0.56 0.41 0.13 0.12 0.17 0.16 0.17 0.32 0.16 0.68 0.18 1.03 0.62 0.08 
Al2O3 15.6 14.8 12.7 11.7 12.3 12.2 12.2 13.5 12.6 16.7 13.6 18.0 15.4 12.3 
Fe2O3 3.85 2.46 1.52 1.67 1.29 1.45 1.50 2.22 1.35 3.52 1.33 8.08 3.96 0.62 
MnO 0.08 0.04 0.04 0.03 0.02 0.04 0.04 0.05 0.04 0.10 0.04 0.13 0.06 0.01 
MgO 1.12 0.82 0.01 0.03 0.01 0.11 0.11 0.22 0.09 0.60 0.36 4.39 1.58 0.02 
CaO 3.16 2.12 0.04 0.06 0.13 0.31 0.34 2.25 0.44 2.44 1.04 7.66 3.28 0.57 
Na2O 3.82 4.84 3.20 2.89 3.82 3.85 3.85 3.88 4.10 5.91 4.01 3.63 4.87 3.26 
K2O 3.68 3.00 4.95 4.30 4.84 4.77 4.79 3.69 4.40 2.34 4.07 1.40 2.12 5.15 
P2O5 0.17 0.11 bdl 0.01 0.02 0.01 0.02 0.09 0.02 0.08 0.04 0.27 0.23 0.01 
Raw total 99.54 99.80 99.18 99.65 99.58 99.16 99.28 99.50 99.29 99.71 99.78 99.35 99.59 99.37 
LOI 0.30 0.25 0.59 0.74 0.58 0.36 0.46 2.73 0.79 0.34 0.91 0.71 1.92 0.25 
Trace elements (ppm) 
Li 19.5 27.5 6.2 5.8 3.7 6.5 8.2 7.1 9.0 27.5 17.7 14.0 23.8 5.9 
Be 1.53 2.05 1.55 2.19 2.64 5.40 3.37 3.26 2.66 2.16 2.21 1.45 1.93 2.97 
Sc 8.28 4.19 2.47 2.19 1.89 2.01 2.36 3.53 4.27 8.74 2.14 18.35 6.57 1.80 
V 48.92 32.39 1.93 0.99 3.23 2.90 3.20 21.68 4.02 12.12 10.88 177.82 56.39 3.01 
Cr 5.32 6.72 12.82 3.60 3.43 2.78 5.93 5.56 3.02 1.61 2.85 48.11 24.13 1.57 
Co 5.74 4.28 0.46 0.62 0.41 0.76 0.79 3.26 0.89 2.70 1.17 24.66 8.69 0.42 
Ni 2.87 6.46 7.11 1.89 1.37 1.34 2.78 3.27 1.49 0.90 2.20 33.15 13.32 0.82 
Cu 11.17 7.85 13.14 7.46 1.57 9.29 10.17 3.45 0.99 1.57 5.19 74.68 3.34 0.46 
Zn 62.06 44.70 77.63 90.47 29.64 75.10 94.96 35.52 26.16 80.55 22.09 88.65 64.12 5.29 
Ga 16.42 17.11 24.97 20.99 18.56 19.14 18.95 17.00 15.34 20.81 14.65 20.60 18.63 13.61 
As 0.65 0.81 4.44 2.73 1.40 3.43 3.74 0.19 1.29 0.78 1.07 2.24 0.55 0.55 
Rb 134.4 81.4 159.2 147.2 195.2 190.5 187.7 92.1 159.7 84.3 167.1 59.2 58.3 216.6 
Sr 388.43 268.40 19.30 21.31 23.78 26.06 22.78 132.00 43.01 290.80 204.01 696.32 430.05 24.21 
Y 17.1 11.1 28.2 44.9 43.3 69.4 50.9 20.0 30.6 31.2 13.8 13.7 14.4 26.4 
Zr 326.4 157.5 356.6 360.5 200.6 221.0 221.8 179.8 145.1 712.8 123.4 86.0 242.9 92.3 
Nb 5.5 8.0 17.7 17.3 16.8 17.6 18.4 15.2 9.5 16.5 9.1 4.4 10.0 11.9 
Mo 0.44 0.58 1.26 0.91 1.35 2.76 2.43 1.37 2.03 0.54 0.79 0.84 0.20 0.00 
Cd 0.02 0.14 0.02 0.03 0.03 0.15 0.10 0.05 0.01 0.06 0.02 0.10 0.12 0.00 
In 0.04 0.03 0.13 0.07 0.09 0.08 0.08 0.02 0.03 0.05 0.01 0.05 0.04 0.00 
Sn 1.20 0.80 3.61 2.85 4.51 5.22 4.69 1.15 1.96 1.75 1.53 1.29 1.03 1.67 
Sb 0.18 0.08 0.63 0.73 0.32 0.46 0.78 0.06 0.10 0.16 0.11 0.06 0.16 0.40 
Cs 4.63 2.28 2.25 3.44 7.79 5.03 5.08 1.60 3.19 6.35 4.10 1.60 3.21 2.75 
Ba 1176.29 469.66 333.67 321.83 151.20 158.93 156.94 318.26 471.93 561.88 560.24 226.05 467.12 30.87 
La 27.51 25.56 15.19 45.71 45.82 51.60 44.83 30.44 51.08 31.67 27.16 17.65 40.08 16.59 
Ce 53.30 49.59 38.43 48.99 93.50 108.51 100.75 60.05 101.08 64.64 47.69 38.74 80.24 37.05 
Pr 5.90 5.39 4.76 10.23 12.46 12.32 11.98 6.53 11.11 7.67 4.77 4.95 8.96 4.48 
Nd 21.97 17.80 17.71 37.06 44.70 44.23 44.14 22.25 37.54 29.10 14.94 19.92 31.78 15.40 
Sm 4.18 3.06 4.13 7.51 9.32 9.01 9.18 4.15 6.79 5.84 2.49 4.12 5.27 3.35 
Eu 1.24 0.82 0.46 0.54 0.40 0.36 0.37 0.76 0.60 2.39 0.55 1.19 1.33 0.18 
Gd 3.60 2.45 3.83 7.29 7.82 8.81 8.21 3.52 5.85 5.45 2.16 3.38 3.86 3.12 
Tb 0.53 0.36 0.79 1.26 1.32 1.56 1.41 0.57 0.94 0.88 0.35 0.48 0.53 0.57 
Dy 3.04 2.02 5.70 8.18 7.92 10.19 8.86 3.41 5.47 5.41 2.18 2.71 2.87 3.72 
Ho 0.64 0.41 1.32 1.80 1.64 2.32 1.89 0.72 1.12 1.18 0.47 0.53 0.54 0.86 
Er 1.86 1.12 4.32 5.36 4.78 7.07 5.61 2.13 3.12 3.47 1.43 1.44 1.44 2.81 
Tm 0.29 0.18 0.76 0.84 0.77 1.12 0.90 0.35 0.49 0.56 0.24 0.21 0.21 0.51 
Yb 1.91 1.14 5.47 5.46 4.98 7.34 5.94 2.33 3.14 3.78 1.69 1.32 1.40 3.82 
Lu 0.30 0.17 0.83 0.80 0.73 1.10 0.87 0.35 0.47 0.61 0.28 0.20 0.20 0.61 
Hf 8.01 3.86 10.19 10.29 6.17 6.96 6.98 4.77 4.49 14.75 3.60 2.36 5.55 4.42 
Ta 0.38 0.63 1.22 1.18 1.36 1.50 1.62 1.54 0.81 0.95 1.00 0.31 0.66 1.57 
W 0.30 0.31 0.73 0.58 1.52 1.74 1.07 0.51 1.85 0.61 0.64 0.29 0.56 0.32 
Tl 0.72 0.44 0.80 0.71 0.88 0.97 1.06 0.44 0.71 0.39 0.80 0.29 0.43 0.85 
Pb 18.27 20.16 8.93 15.85 21.33 35.05 39.51 16.13 13.81 14.34 15.12 12.82 15.05 20.13 
Bi 0.07 0.30 0.20 0.10 0.13 0.32 0.24 0.02 0.11 0.06 0.11 0.10 1.02 0.00 
Th 10.11 10.10 14.76 14.43 17.41 19.87 21.85 16.82 24.41 8.82 19.07 5.20 5.94 29.77 
U 1.93 1.24 1.79 2.15 2.55 3.47 6.76 3.90 2.85 1.78 3.00 1.32 0.98 4.17 
Nb/Ta 14.76 12.72 14.47 14.67 12.36 11.74 11.35 9.87 11.66 17.36 9.09 14.19 15.20 7.60 
Zr/Hf 41.00 41.11 34.98 35.18 32.61 31.89 31.78 37.67 32.35 47.79 34.20 36.49 43.31 20.87 
Y/Ho 26.93 27.18 21.39 24.98 26.30 29.91 26.86 27.66 27.40 26.52 29.34 25.70 26.38 30.89 
Eu* 0.98 0.92 0.35 0.22 0.14 0.12 0.13 0.61 0.29 1.29 0.73 0.97 0.90 0.17 
T(°C) 834 774 881 889 812 817 816 783 780 914 767 676 800 744 
Heat 
Production 
(µWm-3) 
1.51 1.27 1.92 1.92 2.28 2.67 3.63 2.48 2.79 1.27 2.43 0.82 0.85 3.55 
MALI 4.37 5.75 8.23 7.21 8.62 8.41 8.40 5.50 8.18 5.85 7.12 -2.67 3.80 7.91 
ASI 1.21 1.13 1.19 1.24 1.06 1.04 1.03 1.09 1.06 1.16 1.14 1.27 1.18 1.07 
Data presented in the table are not normalised. 
Only calculated values use major elements normalised on anhydrous basis (e.g., MALI) 
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SAMPLE EUR-01 MAM-01 LN-01 LN-02 PIC-01 THU-01 THU-02 THU-03 THU-04 PIC-02 LN-03 NEV-01 NEV-04 
  P P P P P P P P P P P P P 
Major elements (wt%) 
SiO2 66.2 60.4 66.9 70.7 72.7 70.2 69.3 67.9 69.6 65.5 77.0 68.8 75.0 
TiO2 0.58 0.84 0.65 0.33 0.37 0.55 0.51 0.62 0.29 0.56 0.17 0.45 0.06 
Al2O3 15.6 17.7 16.2 14.7 14.0 13.8 14.3 14.9 15.8 15.8 12.3 14.8 13.7 
Fe2O3 4.38 6.22 4.06 3.02 2.46 3.38 3.17 3.93 2.04 4.89 1.55 3.21 0.30 
MnO 0.09 0.09 0.10 0.08 0.06 0.08 0.06 0.09 0.05 0.10 0.03 0.07 bdl 
MgO 1.78 2.59 1.04 0.92 0.68 1.02 1.00 1.23 0.71 1.95 0.25 1.18 0.10 
CaO 3.96 6.17 3.86 3.03 2.23 2.59 2.65 3.13 3.26 4.61 2.48 3.03 0.69 
Na2O 3.52 3.49 4.63 3.79 3.92 3.24 3.38 3.52 4.00 3.53 3.33 3.44 3.36 
K2O 3.27 1.64 1.46 2.73 3.05 4.02 4.17 3.95 3.20 1.96 1.98 3.70 5.24 
P2O5 0.14 0.21 0.16 0.08 0.08 0.14 0.14 0.19 0.09 0.15 0.03 0.11 0.05 
Raw total 99.81 99.75 99.30 100.20 99.78 99.46 98.89 99.79 99.49 99.43 99.34 99.11 98.78 
LOI 0.34 0.45 0.24 0.87 0.28 0.44 0.26 0.33 0.50 0.43 0.27 0.37 0.28 
Trace elements (ppm) 
Li 18.0 19.2 13.6 7.4 8.7 19.7 22.3 21.1 16.2 18.8 4.2 47.2 1.5 
Be 1.92 1.69 1.87 1.34 1.61 1.65 1.58 2.18 2.17 1.22 0.89 1.82 4.44 
Sc 9.21 15.39 18.01 6.70 5.92 7.57 8.05 9.53 6.15 11.34 0.99 6.65 2.16 
V 86.84 118.38 25.08 40.65 34.30 50.83 50.80 61.24 32.20 72.54 7.03 51.69 2.59 
Cr 14.73 18.61 1.25 5.11 5.39 8.54 9.57 15.16 7.32 17.85 1.23 6.48 1.12 
Co 10.82 15.12 3.02 5.43 3.67 5.61 5.86 6.88 3.52 10.85 1.88 6.75 0.47 
Ni 9.43 9.44 0.72 2.16 2.77 4.81 5.16 7.58 3.96 9.50 0.88 3.76 0.55 
Cu 9.43 7.20 8.39 0.70 2.77 4.25 6.09 6.22 2.92 9.38 1.47 3.29 0.73 
Zn 81.48 73.95 63.19 43.39 37.62 37.79 40.62 48.81 32.24 61.39 19.08 46.78 5.51 
Ga 17.83 19.88 17.09 14.56 14.36 15.39 15.48 16.45 16.53 16.41 11.07 16.25 16.34 
As 1.16 0.72 0.16 0.43 0.72 1.08 0.94 0.62 0.58 0.86 0.42 1.29 1.06 
Rb 167.1 79.0 80.9 94.7 99.2 145.2 163.4 169.9 129.3 96.6 60.0 190.7 168.8 
Sr 391.93 449.88 472.47 238.16 232.63 281.19 270.48 306.62 339.94 401.68 339.47 305.16 77.36 
Y 16.3 14.8 35.6 14.6 16.3 19.3 21.7 26.5 10.8 24.1 4.1 15.8 18.1 
Zr 140.1 161.2 547.2 176.0 182.9 170.7 194.0 235.9 130.0 211.6 195.5 153.4 42.7 
Nb 6.2 5.3 13.4 5.2 4.8 7.8 8.6 9.7 5.2 5.9 1.5 7.3 9.8 
Mo 0.67 0.21 0.43 0.41 0.55 0.17 0.55 1.22 0.19 0.33 0.23 0.46 0.01 
Cd 0.02 0.05 0.04 0.02 0.02 0.01 0.02 0.03 0.02 0.03 0.01 0.01 0.01 
In 0.04 0.05 0.03 0.03 0.03 0.04 0.04 0.04 0.03 0.04 0.01 0.03 0.00 
Sn 3.70 1.17 0.85 1.02 1.02 1.37 1.60 1.62 0.98 1.24 0.28 1.99 1.56 
Sb 0.24 0.08 0.06 0.07 0.06 0.06 0.05 0.08 0.10 0.16 0.13 0.23 0.14 
Cs 8.70 5.30 2.22 3.37 3.24 3.97 3.88 4.13 3.59 4.81 3.22 7.42 4.47 
Ba 452.46 307.24 185.34 540.67 689.64 690.62 652.27 759.62 608.52 509.05 541.02 516.24 184.04 
La 24.94 14.01 90.35 23.59 27.88 28.66 33.03 33.77 23.58 24.61 125.04 28.69 9.39 
Ce 55.73 31.14 157.00 44.97 52.10 56.72 68.60 71.52 42.47 52.01 195.30 60.19 19.52 
Pr 6.79 4.12 16.40 4.91 5.66 6.54 7.98 8.58 4.56 6.43 17.31 6.90 2.54 
Nd 24.72 17.24 54.72 17.13 19.63 23.99 29.03 32.19 15.85 24.56 50.01 23.86 9.51 
Sm 4.65 3.88 8.35 2.99 3.50 4.71 5.48 6.35 2.85 5.19 3.95 4.17 3.07 
Eu 0.94 1.08 1.55 0.75 0.92 1.09 1.11 1.24 0.96 1.13 1.20 0.84 0.39 
Gd 3.70 3.49 7.00 2.60 2.99 4.02 4.57 5.43 2.35 4.62 1.66 3.22 3.76 
Tb 0.54 0.52 1.11 0.41 0.47 0.60 0.69 0.84 0.35 0.72 0.18 0.48 0.70 
Dy 3.04 2.95 6.63 2.45 2.83 3.53 3.96 4.89 2.00 4.44 0.74 2.78 3.69 
Ho 0.61 0.59 1.39 0.54 0.60 0.72 0.81 1.00 0.40 0.92 0.15 0.58 0.60 
Er 1.67 1.58 3.87 1.59 1.77 2.02 2.33 2.81 1.14 2.58 0.47 1.66 1.37 
Tm 0.26 0.23 0.59 0.26 0.28 0.31 0.35 0.44 0.17 0.39 0.08 0.27 0.19 
Yb 1.64 1.40 3.71 1.77 1.90 2.05 2.25 2.82 1.13 2.52 0.67 1.78 1.10 
Lu 0.24 0.20 0.57 0.28 0.30 0.31 0.33 0.42 0.18 0.35 0.13 0.27 0.15 
Hf 4.02 4.21 11.71 4.60 4.85 4.58 5.24 6.25 3.59 5.37 5.08 4.21 1.86 
Ta 0.68 0.41 1.11 0.41 0.32 0.61 0.64 0.83 0.35 0.74 0.24 0.81 2.56 
W 0.83 0.22 0.29 0.25 0.40 0.32 0.26 0.29 0.21 0.37 0.39 0.42 0.81 
Tl 0.78 0.43 0.38 0.45 0.48 0.70 0.75 0.69 0.53 0.46 0.29 0.86 0.60 
Pb 17.12 14.67 10.73 13.83 16.05 12.51 14.13 13.55 14.04 11.69 13.89 23.39 56.24 
Bi 0.20 0.09 0.06 0.08 0.15 0.03 0.03 0.03 0.04 0.12 0.13 0.08 0.02 
Th 21.77 4.54 20.33 13.64 18.70 9.79 16.56 11.86 11.75 12.28 48.02 28.20 4.42 
U 4.36 1.54 2.92 2.24 2.51 1.71 2.37 2.66 2.77 2.90 3.35 5.01 3.17 
Nb/Ta 9.09 13.01 12.08 12.67 15.21 12.78 13.45 11.70 14.95 7.97 5.97 9.06 3.83 
Zr/Hf 34.80 38.09 46.68 37.97 37.71 37.24 36.83 37.74 36.12 39.39 38.24 36.47 22.85 
Y/Ho 26.82 24.97 25.59 27.08 27.00 26.93 26.66 26.56 26.89 26.09 27.60 27.45 30.40 
Eu* 0.69 0.90 0.62 0.82 0.87 0.77 0.68 0.65 1.13 0.71 1.44 0.70 0.35 
T(°C) 753 753 888 786 794 779 789 801 757 790 808 769 690 
Heat 
Production 
(µWm-3) 
2.88 0.85 2.25 1.75 2.18 1.47 2.11 1.84 1.79 1.75 4.29 3.52 1.59 
MALI 2.85 -1.05 2.25 3.51 4.76 4.72 4.97 4.36 3.98 0.89 2.86 4.16 8.03 
ASI 1.22 1.37 1.29 1.24 1.19 1.16 1.16 1.17 1.22 1.32 1.24 1.20 1.16 
Data presented in the table are not normalised. 
Only calculated values use major elements normalised on anhydrous basis (e.g., MALI) 
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SAMPLE NEV-05 GRA-01 HECT-01 VIO-01 CRO-01 CRO-02 TH-03 TH-04 WAR-01 GLE-01 TOM-01 BN-02 MH-01 CAP-01 
  P P LC LC LC LC LC LC LC LC LC LC EC EC 
Major elements (wt%) 
SiO2 68.8 71.4 72.6 70.1 72.4 72.2 57.6 54.0 74.2 58.6 72.8 72.1 76.2 73.6 
TiO2 0.49 0.33 0.41 0.41 0.26 0.25 0.82 1.68 0.29 0.74 0.35 0.35 0.19 0.25 
Al2O3 15.0 14.1 13.8 14.1 14.3 14.0 16.9 15.5 13.4 16.8 13.4 13.7 12.4 13.7 
Fe2O3 3.49 2.27 2.79 3.13 2.86 2.15 7.83 11.23 2.30 7.21 2.80 2.73 2.23 1.40 
MnO 0.08 0.06 0.13 0.07 0.07 0.07 0.14 0.16 0.06 0.12 0.07 0.11 0.06 0.03 
MgO 1.22 0.79 0.58 1.16 0.61 0.65 4.05 3.65 0.54 3.93 0.79 0.57 0.17 0.24 
CaO 3.05 2.44 2.13 2.85 2.70 2.17 7.42 6.75 2.67 6.97 2.75 2.13 1.64 0.69 
Na2O 3.63 3.29 4.92 3.44 3.84 3.42 2.91 3.89 3.99 3.02 4.14 4.36 4.50 4.70 
K2O 3.35 3.86 1.80 3.27 2.37 3.41 1.74 1.61 1.63 1.80 1.72 2.57 1.82 4.23 
P2O5 0.11 0.09 0.10 0.09 0.07 0.09 0.15 0.41 0.06 0.15 0.06 0.07 0.03 0.05 
Raw total 99.56 99.06 99.47 99.03 99.73 99.55 100.19 99.93 99.45 99.57 99.88 98.91 99.47 99.13 
LOI 0.39 0.43 0.26 0.41 0.25 1.14 0.63 1.05 0.31 0.28 1.00 0.27 0.23 0.24 
Trace elements (ppm) 
Li 32.2 25.2 15.2 10.0 19.3 9.4 27.2 10.2 14.4 14.0 11.8 12.3 7.5 13.9 
Be 2.16 1.22 1.40 1.41 1.64 1.45 1.02 1.35 1.03 0.96 0.89 1.30 1.17 2.81 
Sc 7.71 4.96 10.57 8.08 5.95 4.74 23.86 29.60 6.57 20.98 7.27 9.01 7.76 2.40 
V 52.12 33.89 12.79 50.62 25.06 25.95 181.43 293.45 17.10 170.50 37.94 17.92 4.52 11.15 
Cr 9.51 6.43 2.64 13.03 2.44 5.82 43.03 1.22 2.16 46.01 3.98 3.46 1.52 9.53 
Co 7.08 3.99 2.05 6.83 3.23 3.35 23.09 21.08 2.89 21.79 4.86 2.79 1.55 1.14 
Ni 5.33 2.98 3.61 6.82 1.27 2.87 22.24 0.97 1.92 21.90 2.43 1.90 0.82 4.44 
Cu 7.31 1.82 2.18 4.39 0.81 3.02 63.25 14.52 5.74 52.14 5.38 1.64 8.23 1.28 
Zn 60.92 32.07 91.89 45.51 52.36 84.43 73.23 116.43 39.22 70.83 33.99 60.94 42.95 26.94 
Ga 16.81 13.65 16.32 14.44 15.74 14.39 17.16 20.26 13.47 16.28 14.53 14.45 14.68 15.66 
As 1.73 0.13 0.37 0.68 0.64 1.44 1.74 3.61 0.42 2.37 1.03 0.22 0.43 0.43 
Rb 170.6 140.3 56.2 131.0 106.9 135.1 89.7 50.7 60.6 75.5 56.0 88.6 40.8 108.0 
Sr 307.13 289.74 213.72 257.78 275.88 268.26 388.16 477.20 236.50 339.64 269.80 182.78 158.63 105.43 
Y 17.4 15.8 37.0 17.9 13.2 13.2 17.9 23.3 11.9 19.1 12.6 34.1 35.2 14.1 
Zr 216.1 232.0 175.4 163.0 160.8 78.6 145.4 145.9 124.1 100.7 97.7 174.9 156.0 214.6 
Nb 6.8 6.9 4.6 4.8 4.8 5.2 3.6 5.7 2.6 4.0 1.8 5.1 3.4 10.2 
Mo 0.27 0.05 0.34 0.48 0.30 0.20 0.26 0.34 0.22 1.21 0.51 0.29 0.32 2.25 
Cd 0.02 0.01 0.21 0.02 0.02 0.05 0.08 0.12 0.01 0.08 0.03 0.17 0.03 0.02 
In 0.03 0.02 0.07 0.03 0.04 0.03 0.06 0.09 0.02 0.05 0.02 0.05 0.03 0.02 
Sn 3.60 1.14 0.87 1.23 1.25 1.33 1.07 1.17 0.66 0.86 0.65 1.02 0.64 1.10 
Sb 0.15 0.02 0.08 0.09 0.05 0.18 0.16 0.26 0.10 0.43 0.11 0.08 0.05 0.05 
Cs 9.35 2.68 3.94 3.84 4.92 3.90 5.31 1.00 2.21 4.89 3.30 3.25 1.36 1.45 
Ba 558.08 696.83 398.94 633.22 454.62 567.83 255.70 318.98 469.49 322.69 349.45 488.30 414.17 473.05 
La 33.60 26.82 21.13 38.42 35.55 20.67 14.88 20.17 10.07 18.26 9.23 18.51 17.70 24.00 
Ce 67.78 50.95 45.95 73.67 73.08 41.60 32.45 45.01 19.04 37.60 18.83 39.29 39.13 44.75 
Pr 7.72 5.74 6.08 8.04 8.54 4.73 4.10 5.90 2.23 4.54 2.32 4.92 5.38 4.74 
Nd 27.30 20.25 25.10 27.24 30.96 16.89 16.26 24.66 8.48 17.35 9.13 19.90 22.93 15.73 
Sm 4.90 3.77 5.78 4.74 5.21 3.32 3.66 5.48 1.84 3.64 2.05 4.75 5.59 2.79 
Eu 0.87 0.80 1.45 0.91 1.02 0.65 0.96 1.70 0.77 1.01 0.61 1.10 1.09 0.64 
Gd 3.77 3.15 5.99 3.75 3.56 2.78 3.48 5.17 1.88 3.59 2.02 5.07 5.73 2.34 
Tb 0.56 0.49 0.99 0.55 0.47 0.42 0.54 0.77 0.31 0.56 0.33 0.87 0.96 0.39 
Dy 3.24 2.77 6.30 3.20 2.55 2.39 3.27 4.51 2.00 3.42 2.07 5.73 6.07 2.31 
Ho 0.65 0.58 1.38 0.67 0.50 0.48 0.69 0.92 0.45 0.73 0.46 1.29 1.35 0.50 
Er 1.83 1.66 4.12 1.93 1.39 1.33 1.95 2.57 1.32 2.09 1.39 3.81 3.93 1.52 
Tm 0.28 0.26 0.65 0.30 0.21 0.21 0.30 0.37 0.22 0.32 0.23 0.61 0.60 0.25 
Yb 1.81 1.81 4.26 1.94 1.38 1.33 1.88 2.28 1.46 2.06 1.51 4.13 4.07 1.73 
Lu 0.27 0.28 0.65 0.30 0.22 0.20 0.28 0.33 0.24 0.31 0.24 0.64 0.62 0.27 
Hf 5.71 6.16 4.81 4.45 4.57 2.39 3.84 3.62 3.20 2.80 2.89 4.77 4.88 5.30 
Ta 0.72 0.69 0.29 0.38 0.35 0.57 0.27 0.35 0.19 0.34 0.15 0.41 0.24 0.91 
W 0.21 0.24 0.48 0.33 5.78 0.55 1.00 0.53 0.12 0.96 1.96 0.48 0.21 0.49 
Tl 0.80 0.70 0.29 0.60 0.54 0.65 0.44 0.24 0.28 0.34 0.26 0.42 0.16 0.47 
Pb 19.21 15.50 13.11 12.93 16.99 19.40 10.99 7.26 8.49 11.20 8.38 17.56 10.51 13.99 
Bi 0.09 0.02 0.10 0.04 0.13 0.19 0.07 0.08 0.02 0.13 0.03 0.11 0.02 0.19 
Th 30.35 15.19 4.99 40.63 14.67 12.11 7.10 4.70 4.11 21.65 4.29 8.82 4.71 13.33 
U 4.80 1.98 1.30 3.39 1.32 1.47 2.30 0.97 1.22 2.24 1.24 1.54 1.19 2.46 
Nb/Ta 9.56 10.08 15.73 12.60 13.76 9.10 13.06 16.23 13.79 11.99 11.74 12.49 13.72 11.24 
Zr/Hf 37.83 37.26 36.44 36.56 34.89 32.83 37.56 40.24 38.75 36.03 33.85 36.36 31.72 40.42 
Y/Ho 26.53 27.27 26.81 26.67 26.24 27.42 26.13 25.20 26.57 26.04 27.38 26.49 26.09 28.02 
Eu* 0.62 0.71 0.76 0.66 0.72 0.66 0.83 0.98 1.26 0.85 0.92 0.68 0.59 0.77 
T(°C) 800 814 788 778 785 729 723 701 764 700 739 788 785 809 
Heat 
Production 
(µWm-3) 
3.58 1.89 0.83 3.92 1.55 1.51 1.22 0.71 0.74 2.20 0.76 1.23 0.79 1.92 
MALI 3.96 4.78 4.63 3.91 3.53 4.74 -2.78 -1.26 2.98 -2.17 3.15 4.87 4.72 8.33 
ASI 1.22 1.21 1.16 1.21 1.27 1.25 1.28 1.12 1.25 1.28 1.21 1.16 1.15 1.06 
Data presented in the table are not normalised. 
Only calculated values use major elements normalised on anhydrous basis (e.g., MALI) 
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SAMPLE CAP-02 CAP-03 CAP-04 CAP-05 CAP-06 CAP-07 CUR-02 NOB-01 
  EC EC EC EC EC EC EC EC 
Major elements (wt%) 
SiO2 74.3 75.4 73.0 49.0 74.0 53.4 73.7 75.7 
TiO2 0.26 0.22 0.26 1.04 0.25 1.48 0.20 0.15 
Al2O3 13.5 12.9 13.6 17.0 13.4 18.0 13.0 12.8 
Fe2O3 1.53 1.09 2.22 10.43 1.39 8.30 1.96 1.52 
MnO 0.06 0.03 0.07 0.25 0.04 0.13 0.08 0.06 
MgO 0.26 0.16 0.59 6.97 0.23 3.99 0.29 0.19 
CaO 0.48 0.48 1.97 10.65 0.55 8.05 1.26 1.04 
Na2O 4.57 4.31 3.65 1.90 4.64 4.13 3.59 3.61 
K2O 4.41 4.46 3.40 2.26 4.27 1.21 5.31 4.00 
P2O5 0.04 0.02 0.08 0.13 0.04 0.35 0.04 0.03 
Raw total 99.72 99.40 99.14 99.85 99.22 99.51 99.59 99.31 
LOI 0.36 0.33 0.30 0.22 0.41 0.47 0.21 0.26 
Trace elements (ppm) 
Li 8.2 14.0 26.6 29.2 10.9 11.8 1.0 15.9 
Be 2.95 2.97 2.36 0.69 3.12 1.43 1.76 2.08 
Sc 2.47 2.69 5.42 34.94 2.50 20.29 5.20 3.78 
V 9.08 8.40 20.93 238.01 10.51 182.66 12.05 7.27 
Cr 1.56 7.04 2.86 107.47 1.60 45.83 4.05 1.67 
Co 0.92 0.89 2.75 37.86 1.07 24.93 2.03 1.01 
Ni 0.77 3.07 1.35 32.27 0.97 29.89 1.93 0.83 
Cu 2.78 1.83 5.05 12.27 3.92 36.87 0.96 1.32 
Zn 39.91 50.19 38.55 139.44 48.17 58.08 57.75 26.85 
Ga 15.22 14.84 14.40 17.03 15.63 18.71 13.10 12.89 
As 0.43 0.73 0.11 0.16 0.46 0.21 0.15 1.08 
Rb 118.2 127.3 126.9 117.1 111.7 28.7 160.4 199.4 
Sr 72.83 62.60 227.94 370.92 81.10 641.08 134.81 84.98 
Y 14.4 15.9 22.3 20.5 14.7 19.9 27.3 24.1 
Zr 174.3 179.3 177.7 74.3 188.7 147.9 111.2 106.8 
Nb 11.0 10.9 10.5 2.0 11.7 6.7 9.7 8.5 
Mo 1.13 1.54 0.19 0.28 1.32 1.98 0.10 0.18 
Cd 0.04 0.06 0.04 0.10 0.05 0.08 0.13 0.01 
In 0.02 0.03 0.02 0.08 0.01 0.08 0.03 0.02 
Sn 1.03 1.49 1.94 1.12 1.11 1.09 1.65 1.65 
Sb 0.08 0.07 0.05 0.12 0.07 0.05 0.03 0.06 
Cs 1.94 1.08 3.44 4.84 1.32 1.17 0.62 4.92 
Ba 462.10 501.80 797.83 262.01 433.09 170.84 939.12 589.15 
La 25.98 29.25 42.60 7.63 32.54 14.72 40.52 26.28 
Ce 51.77 54.59 80.11 18.34 58.69 34.54 73.54 51.28 
Pr 5.50 5.84 8.67 2.68 6.05 4.61 8.27 5.69 
Nd 18.06 19.48 29.38 12.24 19.51 19.53 28.87 19.79 
Sm 3.04 3.32 5.28 3.31 3.26 4.27 5.37 3.94 
Eu 0.57 0.60 0.91 1.18 0.62 1.47 0.98 0.57 
Gd 2.47 2.82 4.30 3.73 2.61 4.19 4.63 3.59 
Tb 0.40 0.46 0.68 0.61 0.42 0.66 0.76 0.61 
Dy 2.36 2.76 3.95 3.82 2.48 3.89 4.65 3.90 
Ho 0.50 0.58 0.82 0.81 0.52 0.79 0.99 0.86 
Er 1.48 1.73 2.40 2.32 1.59 2.18 2.89 2.59 
Tm 0.24 0.29 0.37 0.34 0.25 0.32 0.46 0.43 
Yb 1.70 1.98 2.48 2.16 1.77 2.04 3.01 3.02 
Lu 0.26 0.30 0.38 0.31 0.28 0.30 0.45 0.46 
Hf 4.54 4.61 4.97 2.06 4.87 3.41 3.32 3.55 
Ta 0.99 1.00 0.96 0.11 1.04 0.46 0.85 1.10 
W 1.28 0.73 2.58 0.44 1.00 1.13 0.12 0.54 
Tl 0.65 0.49 0.62 0.67 0.49 0.18 0.77 0.96 
Pb 20.03 32.74 17.46 12.16 15.00 6.51 30.67 23.49 
Bi 0.22 0.21 0.06 0.22 0.16 0.19 0.06 0.05 
Th 12.89 14.30 19.29 1.19 12.63 2.88 13.66 19.24 
U 2.17 2.81 3.77 0.29 1.85 0.69 2.16 4.50 
Nb/Ta 11.15 10.97 10.93 18.58 11.23 14.65 11.41 7.74 
Zr/Hf 38.09 38.91 35.63 35.94 38.79 43.04 33.45 29.99 
Y/Ho 28.57 27.45 27.26 25.18 28.11 25.25 27.50 28.18 
Eu* 0.64 0.60 0.58 1.03 0.65 1.06 0.60 0.47 
T(°C) 793 796 794 619 799 704 745 757 
Heat 
Production 
(µWm-3) 
1.83 2.09 2.58 0.36 1.72 0.48 1.96 2.81 
MALI 8.55 8.37 5.14 -6.51 8.46 -2.74 7.69 6.63 
ASI 1.06 1.05 1.20 1.13 1.05 1.20 1.02 1.14 
Data presented in the table are not normalised. 
Only calculated values use major elements normalised on anhydrous basis (e.g., MALI) 
 360 Appendices 
Appendix 5.7. Representative semi-quantitative analysis of major and accessory 
minerals using a JEOL 7001F SEM-EDS – Bowen Mackay area; all analyses are 
normalised to 100% on anhydrous basis (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
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Appendix 6.1. Compilation of geochronology data in the Bowen-Mackay area 
Unit name Age (Ma) Technique 
Mineral 
dated 
Comments Sample Number Reference 
Early Carboniferous       
Campwyn Volcanics 373.1+/-2.6 U-Pb LA-ICP-MS zircon   SB11c Bryan et al., 2004 
Campwyn Volcanics 364.6+/-3.4 U-Pb LA-ICP-MS zircon   PV2/3 Bryan et al., 2004 
Campwyn Volcanics 364.3+/-7.2 U-Pb LA-ICP-MS zircon   GH-1 Bryan et al., 2004 
Campwyn Volcanics 354.7+/-3.3 U-Pb LA-ICP-MS zircon   FI11 Bryan et al., 2004 
Campwyn Volcanics 354.3+/-4.1 U-Pb LA-ICP-MS zircon   WC31 Bryan et al., 2004 
Edgecumbe Beds 348.6+/-2.8 U-Pb SHRIMP zircon   1953973/BB4641 Cross et al., 2012 
Mount Curlewis 348.1+/-1.7 U-Pb LA-ICP-MS zircon   CUR-02 Chapter 6 
Mount Nutt granite 341.3+/-2.4 U-Pb SHRIMP zircon   1980498/RJB1055 Cross et al., 2012 
Cape Upstart 339.8+/-2.4 U-Pb LA-ICP-MS zircon   CAP-04 Chapter 6 
Middle Hill 335.6+/-3.2 U-Pb LA-ICP-MS zircon   MH-01 Chapter 6 
Late Carboniferous       
Birds Nest Granodiorite 327.9+/-2.4 U-Pb SHRIMP zircon   1982581/BB4989 Cross et al., 2012 
Tommy Roundback 
granodiorite 
323.1+/-2.2 U-Pb SHRIMP zircon   1953977/BB4607 Cross et al., 2012 
Ward Creek Granodiorite 323 U-Pb SHRIMP zircon   ? Bultitude, pers.comm. 
Milwarra Quartz Diorite 322.3+/-2.1 U-Pb SHRIMP zircon   1953978/BB4601 Cross et al., 2012 
Birds Nest Granodiorite 319.5+/-2.3 U-Pb LA-ICP-MS zircon   BN-02 Chapter 6 
Mount Hector 317.8+/-2.6  U-Pb LA-ICP-MS zircon   HECT-01 Chapter 6 
Viola Creek 312.7+/-1.4 U-Pb LA-ICP-MS zircon   VIO-01 Chapter 6 
Milwarra Quartz Diorite 308.2+/-7.1 U-Pb SHRIMP zircon   BW34 Allen et al., 1998 
Connors Volcanic Group 306 U-Pb SHRIMP zircon   ? Bultitude, pers.comm. 
Amelia Creek tonalite 305.2+/-1.7 U-Pb SHRIMP zircon   2004722/BB4912 Cross et al., 2012 
Locharwood Rhyolite 305+/-6 U-Pb SHRIMP zircon   88502032 Black, 1994 
Amelia Creek tonalite 304.3+/-5.8 U-Pb SHRIMP zircon   U71 Allen et al., 1998 
Tommy Roundback 
granodiorite 
302.9+/-6 K-Ar biotite   F55/3/94 Webb and McDougall, 1968 
Mount Crompton 300+/-6 K-Ar amphibole   F55/3/115 Webb and McDougall, 1968 
Key Creek Gneiss 297+/-2.7 U-Pb SHRIMP zircon metamorphic 1980488/BB4952 Cross et al., 2012 
Nevada granodiorite 297 U-Pb SHRIMP zircon   ? Bultitude, pers.comm. 
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Unit name Age (Ma) Technique 
Mineral 
dated 
Comments Sample Number Reference 
Permian       
Gargett granite 294.7+/-6 K-Ar hornblende   F55/8/19 Webb and McDougall, 1968 
Mount Crompton 294.7+/-6 K-Ar biotite   F55/3/115 Webb and McDougall, 1968 
Mount Crompton 294.7+/-6 K-Ar biotite   F55/3/114 Webb and McDougall, 1968 
Carmila Beds 294.2+/-2.8 U-Pb SHRIMP zircon   DUMBLETON Allen et al., 1998 
Euri Creek granodiorite 294.+/-2 U-Pb SHRIMP zircon   2109555/BB5117 Cross et al., 2012 
Leura Volcanics 293+/-4 U-Pb SHRIMP zircon   BB3399 Withnall et al., 2009 
Carmila Beds 292.8+/-3       BB3050A Withnall et al., 2009 
Nostone Creek granodiorite 292.6+/-2.2 U-Pb SHRIMP zircon   1980497/BB5068 Cross et al., 2012 
East Creek tonalite 292.5+/-1.9 U-Pb SHRIMP zircon   1980489/BB4956 Cross et al., 2012 
Key Creek Gneiss – 
leucotonalite lens 
292.5+/-1.8 U-Pb SHRIMP zircon magmatic 1980509/BB4592 Cross et al., 2012 
Earlscliffe dacite 292.3+/-2.2 U-Pb SHRIMP zircon   1980490/BB5066 Cross et al., 2012 
Pisgah Igneous Complex 291.7+/-6 K-Ar amphibole   F55/7/8 Webb and McDougall, 1968 
Starvation Creek Complex 291.6+/-1.8 U-Pb SHRIMP zircon   2004724/BB5225 Cross et al., 2012 
Lady Norman 291.2+/-1.5 U-Pb LA-ICP-MS zircon   LN-02 Chapter 6 
Key Creek Gneiss 291+/-0.9 U-Pb SHRIMP zircon metamorphic 1953976/RJB2913 Cross et al., 2012 
Lizzie Creek volcanics 291+/-6 U-Pb zircon   RSC011 Hutton et al., 1999 
Bluegrass Creek granite 290.7+/-6 K-Ar amphibole   F55/7/1 Webb and McDougall, 1968 
Massey granite 290+/-1.7 U-Pb SHRIMP zircon   2004725/BB5260 Cross et al., 2012 
East Creek tonalite 289.4+/-1.7 U-Pb SHRIMP zircon   2004726/BB4946 Cross et al., 2012 
Connors Volcanic Group ~289 U-Pb SHRIMP zircon   2004718/BB5070 Cross et al., 2012 
Dartmoor granodiorite 289+/-2 U-Pb SHRIMP zircon   2004723/BB5081 Cross et al., 2012 
Nostone Creek granodiorite 289+/-6 U-Pb SHRIMP zircon   89302108 Black, 1994 
Mount Crompton 288.7+/-6 K-Ar biotite   F55/3/113 Webb and McDougall, 1968 
Bulgonunna Volcanics 287+/-12 Rb-Sr Whole-rock   F55/3/.. (7 pooled) Webb and McDougall, 1968 
Lizzie Creek volcanics 286.9+/-2.1 U-Pb SHRIMP zircon   2109557/BB5290 Cross et al., 2012 
Gargett granite 286.6+/-6 K-Ar biotite   F55/8/19 Webb and McDougall, 1968 
Dingo Diorite ~286 U-Pb SHRIMP zircon   2004717/BB4629 Cross et al., 2012 
Whitehorse granite 285+/-3.7 U-Pb SHRIMP zircon   QFG4511A Withnall et al., 2009 
Lizzie Creek volcanics 284.7+/-4.4       RSC011 Withnall et al., 2009 
Gargett granite 284.6+/-5 K-Ar biotite   F55/8/9 Webb and McDougall, 1968 
  
A
p
p
en
d
ices  
3
6
3
 
Unit name Age (Ma) Technique 
Mineral 
dated 
Comments Sample Number Reference 
Permian dyke intrude 
Mount Cauley granite 
283.9+/-5.2 U-Pb SHRIMP zircon   U81B Allen et al., 1998 
Adaluma Tonalite 283+/-6 K-Ar biotite   F55/3/12 Webb et al., 1963 
Grant Creek 283 U-Pb LA-ICP-MS zircon   GRA-01 Chapter 6 
Lizzie Creek volcanics 283+4.5-2.8 U-Pb SHRIMP zircon   2109556/BB5287 Cross et al., 2012 
The Three Brothers Gabbro 278+/-6 K-Ar biotite   F55/3/15 Webb et al., 1963 
Adaluma Tonalite 277+/-6 K-Ar biotite   F55/3/12 Webb et al., 1963 
Adaluma Tonalite 277+/-6 K-Ar hornblende   F55/3/12 Webb et al., 1963 
Teemburra Igneous 
Complex 
276.5+/-6 K-Ar biotite   F55/8/11 Webb and McDougall, 1968 
Binbee quartz monzodiorite 276+/-5 K-Ar amphibole   F55/3/101 Webb and McDougall, 1968 
Key Creek Gneiss 276+/-6 K-Ar biotite   GA5379 Webb and McDougall, 1968 
East Creek Tonalite 275.5 K-Ar biotite   F55/3/13/GA812 Webb and McDougall, 1968 
Thunderbolt Granite 275.5+/-5 K-Ar biotite   f55/3/14 Webb and McDougall, 1968 
intrude Campwynn 
Volcanics 
274.8+/-1.8 U-Pb LA-ICP-MS zircon   HT9 Bryan et al., 2004 
intrude Campwynn 
Volcanics 
274.4+/-1.2 U-Pb LA-ICP-MS zircon 
 
MP27 Bryan et al., 2004 
Grant Creek 274+/-5 K-Ar     GA5365 Webb and McDougall, 1968 
East Creek Tonalite 273.4+/-5 K-Ar biotite   F55/3/37 Webb and McDougall, 1968 
Mount Tooth 273.4+/-6 K-Ar biotite   F55/8/14 Webb and McDougall, 1968 
Teatree Creek Gabbro 273.4+/-5 K-Ar biotite   F55/3/24 Webb and McDougall, 1968 
Thunderbolt Granite 273.4+/-5 K-Ar biotite   F55/3/36 Webb and McDougall, 1968 
Adaluma Tonalite 272+/-6 K-Ar hornblende   F55/3/12 Webb et al., 1963 
Terry Creek Quartz 
Monzodiorite 
271.4+/-5 K-Ar biotite   F55/3/87 Webb and McDougall, 1968 
Pickhandle Tonalite 270.4+/-5 K-Ar biotite   F55/3/104 Webb and McDougall, 1968 
Thunderbolt Granite 270.4+/-5 K-Ar biotite   F55/3/109 Webb and McDougall, 1968 
Thunderbolt Granite 269.4+/-5 K-Ar biotite   F55/3/86 Webb and McDougall, 1968 
Thunderbolt Granite 269.4+/-5 K-Ar biotite   F55/3/26 Webb and McDougall, 1968 
Pickhandle Tonalite 268.3 K-Ar biotite   F55/3/105 Webb and McDougall, 1968 
Thunderbolt Granite 266.3+/-5 K-Ar biotite   F55/3/27 Webb and McDougall, 1968 
Dingo Diorite 265.3+/-4 K-Ar amphibole   ABP640A Parianos, 1993 
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Mineral 
dated 
Comments Sample Number Reference 
Thunderbolt Granite 264.3+/-5 K-Ar biotite   F55/3/38 Webb and McDougall, 1968 
Lady Norman 260.2+/-5 K-Ar amphibole   F55/3/107 Webb and McDougall, 1968 
Thunderbolt Granite 277.9+/-6.3 U-Pb SHRIMP zircon   BG26 Allen et al., 1998 
Triassic       
intrudes Mount Crompton? 255.7+/-1.3 Ar-Ar hornblende   U137A Allen, 2000 
Intrusion close to 
Bloomsbury 
247.4+/-1.3 Ar-Ar plagioclase   CA151A Allen, 2000 
Mount Rooper rhyolite 245 U-Pb LA-ICP-MS zircon   ROO-02 Chapter 6 
Passage Islet granite 245 U-Pb LA-ICP-MS zircon   GLO-02 Chapter 6 
Shaw granite 245 U-Pb LA-ICP-MS zircon   SH-47 Chapter 6 
Beckford granodiorite 244.6+/-1.3 Ar-Ar amphibole   U92 Allen et al., 1998 
Gloucester granite 243.6+/-2.0 U-Pb SHRIMP zircon   2109554/BB4788 Cross et al., 2012 
Gloucester granite 243.5+/-4.9 U-Pb SHRIMP zircon   BW145 Allen et al., 1998 
Intrudes Beckford 
Granodiorite -Broken River 
240.6+/-1.4 Ar-Ar hornblende   U91 Allen, 2000 
Intrudes Birds Nest 
granodiorite 
235 K-Ar 
biotite and 
hornblende 
  GA1135 Webb and McDougall, 1968 
Knight granite 232+/-3 K-Ar muscovite   ? Ewart et al., 1992 
Bowen Acid Volcanics 230+/-15 Rb-Sr whole rock   
F55/3/.. (8 pooled)-
bowen-volc 
Webb and McDougall, 1968 
Rooper rhyolite 229+/-2.8 Rb-Sr whole-rock   ABP176C Parianos, 1993 
Passage Islet Granite 228.7+/-4 K-Ar biotite   ABP642A Parianos, 1993 
Jurassic-Early Cretaceous       
Hecate Granite 191.1+/-4 K-Ar biotite   F55/3/106 Webb and McDougall, 1968 
intrudes Mount Crompton? 181.7+/-1.2 Ar-Ar plagioclase   U137A Allen, 2000 
Ward Creek 
Granodiorite/Hecate? 
160.7+/-1.6 K-Ar biotite reset age BW4 Allen et al., 1998 
Mount Margaret? 147.945 +/-2 Rb-Sr feldspar   MI; QA613 ? 
Don River 145.3+/-2.6 K-Ar hornblende   BW38 Allen et al., 1998 
Pretty Bend Quartz 
Monzodiorite/Don River 
142.9+/-1.1 U-Pb SHRIMP zircon   1980499/BB4814 Cross et al., 2012 
Bowen Basin 137 FTA zircon   48-248 Pattison, 1990 
Bowen Basin 136 FTA zircon   48-251 Pattison, 1990 
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Unit name Age (Ma) Technique 
Mineral 
dated 
Comments Sample Number Reference 
Pretty Bend Quartz 
Monzodiorite/Don River 
142.2+/-1.5 K-Ar hornblende   BW64 Allen et al., 1998 
Bowen Basin 142 FTA zircon   48-252 Pattison, 1990 
Ward Creek Granodiorite 141 K-Ar 
alkali-
feldspar 
reset age BW4 Allen et al., 1998 
Don River 138.7+/-1.4 K-Ar biotite   BW38 Allen et al., 1998 
Whitsundays Volcanics 137.5+/-1.4 U-Pb SHRIMP zircon   RSC026A Withnall et al., 2009 
Redcliffe Gabbro 136+/-3 K-Ar plagioclase   GA5272 Webb and McDougall, 1968 
Mount Pring?/Don R 135.2+/-2.8 K-Ar hornblende   BW52 Allen et al., 1998 
Hecate Granite 135+/-3 K-Ar biotite   F55/3/136 Webb and McDougall, 1968 
Hecate?/Don R 134.8+/-1.4 K-Ar biotite   BW58 Allen et al., 1998 
Alick Creek tonalite 134 U-Pb SHRIMP zircon   - Bultitude, pers.comm. 
Gloucester granite 134+/-5 K-Ar biotite reset age ABP505C Parianos, 1993 
Pretty Bend Quartz 
Monzodiorite/Don River 
133.8+/-1.4 K-Ar biotite   BW64 Allen et al., 1998 
Blackwall Quartz Diorite 132.5+/-2.4 U-Pb SHRIMP zircon   BW22 Allen et al., 1998 
Penrith ignimbrite 132+/- K-Ar amphibole   90-563 Ewart et al., 1992 
Ben Mohr Igneous 
Complex 
131.8+/-1.6 U-Pb SHRIMP zircon 
 
QFG3672 Withnall et al., 2009 
Hecate Granite 131+/-3 K-Ar biotite 
 
GA5398 Webb and McDougall, 1968 
Hecate Granite 130.8+/-3.4 U-Pb SHRIMP zircon 
 
BW46 Allen et al., 1998 
Hecate Granite 130+/-3 K-Ar amphibole 
 
GA5330 Webb and McDougall, 1968 
Morugo Granite 130+/-1 K-Ar biotite 
 
GA792 Webb and McDougall, 1964 
Wundaru Granodiorite 130+/-1 K-Ar ? 
 
DA30 Amdel, 1983; unpublished 
Wundaru Granodiorite 130+/-1 K-Ar ? 
 
DA31 Amdel, 1983; unpublished 
Morugo Granite 129+/-1 K-Ar amphibole 
 
GA792 Webb and McDougall, 1964 
Hecate Granite 128+/-3 K-Ar biotite 
 
GA5330 Webb and McDougall, 1968 
Whitsundays Volcanics 128 K-Ar amphibole 
 
90-564 Ewart et al., 1992 
Hecate Granite 127+/-3 K-Ar biotite  GA5355 Webb and McDougall, 1968 
Hecate Granite 127+/-3 K-Ar biotite  GA5356 Webb and McDougall, 1968 
Mount Pleasant 126.15+/-0.96 U-Pb LA-ICP-MS zircon  PLEA-01 Chapter 6 
Devlin Pocket Granodiorite 126+/-3 K-Ar biotite  GA5358 Webb and McDougall, 1968 
Hecate Granite 126+/-3 K-Ar biotite  GA5399 Webb and McDougall, 1968 
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Unit name Age (Ma) Technique 
Mineral 
dated 
Comments Sample Number Reference 
Hecate Granite 126+/-3 K-Ar biotite 
 
GA5331 Webb and McDougall, 1968 
Mount Roundback 125.9 U-Pb LA-ICP-MS zircon 
 
ROU-02 Chapter 6 
Highlanders Bonnet 125 U-Pb LA-ICP-MS zircon 
 
HB-01 Chapter 6 
Mount Barker Granodiorite 125 K-Ar 
  
GA782 Harding, 1969 
Whitsundays Volcanics - 
Esk Island 
125 K-Ar amphibole 
 
QA?(ES3/1) Ewart et al., 1992 
Middle Cretaceous       
Elliot River granodiorite 123 K-Ar biotite 
 
GA5529 Webb and McDougall, 1968 
Mount Barker Granodiorite 123 K-Ar 
  
GA781 Harding, 1969 
Mount Pring Granite 120.3+/-1.3 K-Ar biotite 
 
BW14A Allen et al., 1998 
Intrudes Birds Nest 
granodiorite 
120+/-2 K-Ar biotite 
 
GA1170 Webb and McDougall, 1968 
Intrudes Birds Nest 
granodiorite 
120 K-Ar biotite 
 
GA1171 Webb and McDougall, 1968 
Horseshoe granite 119.5+/-0.7 U-Pb SHRIMP zircon 
 
1953975/BB4577 Cross et al., 2012 
Mount Abbot 119.3+/-2.2 U-Pb SHRIMP zircon 
 
BG118 Allen et al., 1998 
Gotthard granodiorite 119 FTA zircon 
 
48-246 Pattinson, 1990 
Mount Abbot Igneous 
Complex 
119+/-2 K-Ar amphibole 
 
GA5531 Webb and McDougall, 1968 
Flagstaff Hill (leucogranite) 117.9+/-0.8 U-Pb SHRIMP zircon 
 
1953974/BB4578 Cross et al., 2012 
Halliday Bay granite 117+/-2 K-Ar amphibole 
 
GA1154 Webb and McDougall, 1968 
Mount Pring?/Don R 116.7+/-1.2 K-Ar biotite 
 
BW52 Allen et al., 1998 
Scawfell granodiorite 116+/- K-Ar amphibole 
 
90-560 Ewart et al., 1992 
Wigton granodiorite 116 K-Ar amphibole 
 
90-561 Ewart et al., 1992 
Whitsundays Volcanics 115 K-Ar amphibole 
 
QA?(WH6) Ewart et al., 1992 
Proserpine Volcanics 114.3+/-9 Rb-Sr whole-rock  19 samples poooled Parianos, 1993 
Proserpine Volcanics 114+/-0.5 Rb-Sr isochron  
SM008; SM010; 
LO011; SM011 
Ewart et al., 1992 
Whitsunday Volcanics 114+/-2 K-Ar amphibole  GA5553 Webb and McDougall, 1968 
Whitsunday Volcanics 113.3 K_Ar hornblende  Wh06 Ewart et al., 1992 
Ben Lomond granite 113.2+/-4 K-Ar amphibole  ABP636D Bryan et al., 1997 
Dryander granite 112+/-5 K-Ar actinolite  ABP323A Parianos, 1993 
Halliday Bay granite 112+/-2 K-Ar amphibole  GA1142 Webb and McDougall, 1968 
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Unit name Age (Ma) Technique 
Mineral 
dated 
Comments Sample Number Reference 
Proserpine Volcanics 114.5+/-0.5 Rb-Sr isochron 
 
ABP306B; 
ABP262A; 
ABPABS8; 
ABP394B; ABS2; 
ABP420C; ABP381; 
ABP583; ABP406; 
ABP567; ABP039 
Parianos, 1993 
Proserpine Volcanics 114.5+/-0.5 Rb-Sr isochron 
 
GA-5507; GA5511; 
GA5512; GA5539; 
GA5547; GA5552 
Webb and McDougall, 1964 
Proserpine Volcanics 111+/-5 Rb-Sr whole-rock 
 
f55/4/.. (9 pooled) Clarke et al., 1968 
Proserpine Volcanics 111+/-5 Rb-Sr 
  
GA5546 Webb and McDougall, 1964 
Proserpine Volcanics 111+/-5 Rb-Sr 
  
GA5508 Webb and McDougall, 1964 
Hayman granite 107+/-2.5 Rb-Sr isochron 
 
Hayman-Dent-Noel Ewart et al., 1992 
Mount Pring Granite 106+/-1.1 K-Ar 
alkali-
feldspar  
BW14A Allen et al., 1998 
Proserpine Volcanics 105.4+/-1.7 K-Ar plagioclase 
 
SMB112 Bryan et al., 1997 
Esk 104.2 K-Ar hornblende 
 
Es01 Ewart et al., 1992 
Cape Upstart 103.3+/-1.1 K-Ar biotite reset age CU232 Allen et al., 1998 
Whitsunday Volcanics 98.1+/-3 K-Ar hornblende 
 
PD73 Bryan et al., 1997 
Whitsunday Volcanics 98+/-2 K-Ar whole-rock 
 
GA5394 Webb and McDougall, 1968 
Derwent granite 95 K-Ar amphibole 
 
90-562 Ewart et al., 1992 
Tertiary       
Tb-YARROL/SCAG 37.5+/-0.4 Ar-Ar; Isochron Mafic GM 
 
DR13703 Sutherland et al., 1977 
Tv-YARROL/SCAG 34.3+/-0.8 K-Ar sanidine 
 
QA233 Sutherland et al., 1977 
Mount Jukes granite 33.6+/-0.5 Ar-Ar; ideogram K-feldspar  BC-98 Cohen et al., 2007 
Mount Blackwood Quartz 
Syenite 
33.7+/-1.1 U-Pb LA-ICP-MS zircon  BLA-02 Chapter 6 
Tb-YARROL/SCAG 33.4+/-0.9 K-Ar whole-rock  QA217 Sutherland et al., 1977 
Belmunda obsidian 33.35+/-0.28 U-Pb LA-ICP-MS zircon  BEL-02 Chapter 6 
Cape Hillsborough beds 31.9+/-1 K-Ar plagioclase  GA70-1008 McDougall and Slessar, 1972 
Pinnacle Rock 33.2+/-0.9 K-Ar 
alkali-
feldspar 
 GA70-1016 McDougall and Slessar, 1972 
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Mineral 
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Cape Hillsborough beds 33+/-0.8 K-Ar 
alkali-
feldspar  
GA70-1006 McDougall and Slessar, 1972 
Cape Hillsborough beds 32.7+/-0.8 K-Ar whole-rock 
 
GA70-1009 McDougall and Slessar, 1972 
Britton Tertiary 32.6+/-0.4 Ar-Ar; Isochron sanidine 
 
DR13704 Sutherland et al., 1977 
Cape Hillsborough beds 32.6+/-0.8 K-Ar 
alkali-
feldspar  
GA70-1012 McDougall and Slessar, 1972 
Mount Blackwood Quartz 
Syenite 
32.6+/-1.5 K-Ar 
alkali-
feldspar  
GA70-1021 McDougall and Slessar, 1972 
Cape Hillsborough beds 32.4+/-0.8 K-Ar 
alkali-
feldspar  
GA70-1010 McDougall and Slessar, 1972 
Cape Hillsborough beds 32.4+/-0.8 K-Ar 
alkali-
feldspar  
GA70-1018 McDougall and Slessar, 1972 
Tb-YARROL/SCAG 32+/-0.6 K-Ar whole-rock 
 
QA215 Sutherland et al., 1977 
Mount Blackwood Quartz 
Syenite 
31.8+/-1.5 K-Ar 
chloritised 
biotite  
GA70-1021 McDougall and Slessar, 1972 
Tb-YARROL/SCAG 31.8+/-0.7 K-Ar whole-rock 
 
QA240 Sutherland et al., 1977 
Tb-YARROL/SCAG 31+/-0.8 K-Ar whole-rock 
 
QA216 Sutherland et al., 1977 
Cape Hillsborough beds 30.7+/-0.8 K-Ar whole-rock 
 
GA70-1007 McDougall and Slessar, 1972 
Tv-St Lawrence-
YARROL/SCAG 
30.4+/-0.8 K-Ar whole-rock 
 
QA256 Sutherland et al., 1977 
Tb-YARROL/SCAG 30+/-1.2 K-Ar whole-rock 
 
QA221 Sutherland et al., 1977 
Tv-YARROL/SCAG 30+/-0.6 K-Ar whole-rock 
 
QA231 Sutherland et al., 1977 
Tb-YARROL/SCAG 29.2+/-1.1 K-Ar whole-rock 
 
QA229 Sutherland et al., 1977 
Tb-YARROL/SCAG 29.1+/-1.5 K-Ar whole-rock 
 
QA223 Sutherland et al., 1977 
Tb-YARROL/SCAG 29.1+/-1.9 K-Ar whole-rock 
 
QA222 Sutherland et al., 1977 
Tb-YARROL/SCAG 28.5+/-0.7 K-Ar whole-rock 
 
QA218 Sutherland et al., 1977 
Tv-YARROL/SCAG 24.8+/-0.7 K-Ar anorthoclase 
 
QA234 Sutherland et al., 1977 
Tb-YARROL/SCAG 24.3+/-0.5 K-Ar whole-rock 
 
QA226 Sutherland et al., 1977 
Tb-YARROL/SCAG 23.4+/-0.7 K-Ar whole-rock  QA228 Sutherland et al., 1977 
Tb-YARROL/SCAG 22.4+/-0.5 K-Ar whole-rock  QA225 Sutherland et al., 1977 
Tb-YARROL/SCAG 22+/-0.5 K-Ar feldspar  QA259 Sutherland et al., 1977 
Tb-YARROL/SCAG 21.2 K-Ar whole-rock  QA288 Sutherland et al., 1977 
Tb-YARROL/SCAG 18.1+/-0.4 K-Ar whole-rock 
 
QA224 Sutherland et al., 1977 
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Appendix 6.2. Zircon morphologies – Bowen-Mackay area (CD) 
 
 
This appendix can be found in the attached CD as sixteen pdf files. 
 
Appendix 6.3. Cathodoluminescence images of zircons  –  Bowen-Mackay area 
(CD) 
 
 
This appendix can be found in the attached CD as sixteen pdf files. 
 
Appendix 6.4. Zircon analysis – qualitative information on integration intervals 
and zircon morphologies and textures – Bowen-Mackay area (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 6.5. Zircon U-Pb geochronology data – Bowen-Mackay area (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 6.6. Zircon chemistry data – Bowen-Mackay area (CD) 
 
This appendix can be found in the attached CD as a pdf file. 
 
Appendix 6.7. Hf isotopic data – Bowen-Mackay area (CD) 
 
 
This appendix can be found in the attached CD as a pdf file. 
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Appendix 6.8. U-Pb concordia figures - Zircon U-Pb LA-ICP-MS – Bowen-
Mackay area 
 
Figure 6.8.1. Terra-Wasserburg diagrams for Early Carboniferous granitic rocks; A. Middle Hill 
(MH-01); B. Cape Upstart (CAP-04); C. Curlewis (CUR-02): All analyses are plotted, in salmon are 
those affected by common Pb, in green are those affected by Pb loss, in blue are older zircon grains 
and in grey are analyses defining the emplacement age. Yellow ellipses indicate the Concordia age 
when determined. Note that different inherited populations are shown with different blue colours. The 
weighted average plateau for the emplacement age is also illustrated. Note that uncertainties are 2σ 
and internal. Refer to main text for external uncertainties. 
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Figure 6.8.2. Terra-Wasserburg diagrams for Late Carboniferous granitoids; A. Viola Creek 
Granodiorite (VIO-01); B. Mount Hector (HECT-01); C. Birds Nest Granodiorite (BN-02); Refer to 
Figure 6.8.1 for more information regarding the colour coding of ellipses. Note that uncertainties are 
2σ and internal. Refer to main text for external uncertainties. 
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Figure 6.8.3. Terra-Wasserburg diagrams for Permian granitoids; A. Lady Norman granodiorite (LN-
02); B. Grant Creek granite (GRA-01); Refer to Figure 6.8.1 for more information regarding the 
colour code. Lavender ellipses illustrate zircon analyses with an age at ~309 Ma. Note that 
uncertainties are 2σ and internal. Refer to main text for external uncertainties. 
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Figure 6.8.4. Terra-Wasserburg diagrams for Triassic igneous rocks; A. Shaw granite (SH47); B. 
Mount Rooper rhyolite (ROO-02); C. Passage Islet (GLO-02); Refer to Figure 6.8.1 for more 
information regarding the colour code. Note that uncertainties are 2σ and internal. Refer to main text 
for external uncertainties. 
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Figure 6.8.5. Terra-Wasserburg diagrams for Cretaceous igneous rocks; A. Mount Pleasant (PLEA-
01); B. Highlanders Bonnet (HB-01); C. Mount Roundback (ROU-02); Refer to Figure 6.8.1 for more 
information regarding the colour code. Note that uncertainties are 2σ and internal. Refer to main text 
for external uncertainties. 
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Figure 6.8.6. Terra-Wasserburg diagrams for Triassic igneous rocks; A. Belmunda 
obsidian (BEL-02); B. Mount Blackwood (BLA-02); Refer to Figure 6.8.1 for more 
information regarding the colour code. Note that uncertainties are 2σ and internal. Refer 
to main text for external uncertainties. 
 
